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ABSTRACT 
 
Surface plasmon resonances (SPRs) are coherent oscillations of electron density 
occurring at the interface of a metal and a dielectric, which generate an evanescent electric field 
that decays exponentially within ~100-200 nm from the surface of the metal. Because this 
enhanced electromagnetic field is highly sensitive to local optical property changes, SPRs have 
been exploited for real-time, fully label-free form of chemical/biological sensing and imaging or 
for field-enhanced applications of electronics and photovoltaics. Soft nanoimprint lithography 
provides inexpensive and versatile replication method to generate uniformly ordered and defined 
nanostructures over large areas. Plasmonic crystals consisting of squared arrays of nanoholes 
with high fidelity are fabricated using soft nanoimprint lithography, which exhibit the great 
potential for analytical applications. The work presented in this dissertation focused on the 
enhancement of analytical sensitivity of  a new class of bimetallic plasmonic crystal and the 
development of plasmonic imaging technique for complex biomolecular system using 
nanostructured plasmonic crystal platform.  
Bimetallic plasmonic crystals were demonstrated as a more sensitive substrate for 
quantitative bulk-refractive-index (Bulk IR) sensing and surface-enhanced Raman spectroscopy 
(SERS) compared to mono-metallic plasmonic crystals with the same design rule. The best 
performances for each application of multispectral and SERS-based sensing were obtained by 
manipulating the composition of thin metal film, their spatial distribution, and the design rules of 
the plasmonic crystals. Finite-Difference Time-Domain (FDTD) simulations were used to verify 
the optical behavior of bimetallic plasmonic crystals and to understand the optimized device 
form factor.  
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A label-free optical imaging technique using plasmonic crystal was developed to 
quantitatively investigate the morphology and dynamic vital activities of cell. Polyelectrolyte 
layer-by-layer assemblies with well-defined thicknesses were used to calibrate the reflection 
contrast response as a function of thickness of biomolecular thin film on plasmonic crystal, 
which was theoretically verified through FDTD calculations. As a model system, Aplysia 
California pedal neurons were cultured on plasmonic crystals and quantified in both dry and 
liquid conditions. The capability of this plasmonic imaging technique that investigates 
interaction between cell and substrate in real time was verified by cell detachment using trypsin 
treatment.  
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CHAPTER 1 
THEORY AND APPLICATIONS OF PLASMONIC CRYSTALS 
 
1.1 Introduction 
Surface plasmons are coherent electron oscillations that exist at the interface between 
metal and dielectric materials.[1, 2] The surface plasmons are excited by coupling with incoming 
light, which results in an evanescent electric field extending from the metal surface into the 
dielectric over a length-scale on the order of hundreds of nanometers.[3-6] This phenomenon is 
described as surface plasmon resonance (SPR). The evanescent electric field associated with SPR 
is highly sensitive to changes in near-interfacial optical profiles (refractive index or material 
thickness), which in turn provides a capability for label-free forms of SPR-based sensing and 
imaging.[7-11] In addition, the electromagnetic fields near a metal can be significantly enhanced 
via the coupling of incident electromagnetic radiation and surface plasmons.[12, 13] This 
attribute of SPR facilitates the use of field-enhanced applications including surface-enhanced 
Raman scattering (SERS) and surface enhanced fluorescence.[14-17] Moreover, the evanescent 
field can localize and guide light on the surface of plasmonic structures. Due to this property, the 
study of SPR for light absorption enhancement in photovoltaic devices is also ongoing.[18, 19] 
For example, preliminary results demonstrate enhancement in the photocurrent of thin-film solar 
cell using metallic plasmonic nanostructures.[20-22]  
 
1.2 Surface Plasmon Resonance Theory 
SPR is the collective oscillation of surface conduction electrons at a metal/dielectric 
interface by coupling with incident light that is evanescently confined in the perpendicular 
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direction over a few hundred nanometers.[3-6] There are two types of surface plasmon 
resonance: (i) surface plasmon polaritons (SPPs) and (ii) localized surface plasmonic resonance 
(LSPRs).[15, 23] SPPs can propagate tens to hundreds of micrometers along the metal 
surface,[24] while LSPRs are non-propagating plasmon excitations that can be resonantly excited 
on metal nanostructures.[25] The difference between SPPs and LSPRs is illustrated in Figure 1.1. 
The conventional SPR sensing methods employ the properties of SPPs that can be excited 
at the surface of flat metal film. By solving Maxwell’s equations, the dispersion relation for a 
SPP (
sppk ) propagating along a semi-infinite planar metal/dielectric interface is given by 
Equation 1.1 [26]:  
 M Dspp
M D
k
c
 
 



 (1.1) 
where 
sppk  is the wave vector of the SPPs,   is the angular frequency of the SPPs, c  is the 
speed of light, M is the dielectric constant of metal, and D  is the dielectric constant of the 
surrounding dielectric environment. To meet the condition that surface plasmon waves are 
surface-confined, SPP mode should be transverse magnetic (TM) polarized waves and only exist 
at interfaces between materials with opposite signs on real portions of their dielectric 
permittivities (i.e. between metal,  Re 0M  , and dielectric, 0D  ).[6] The momentum of a 
photon in air is generally less than that of the SPPs (illustrated in Figure 1.2). Thus, special 
momentum-matching techniques are required for coupling between incident photons and SPP 
modes.  
 One method to compensate for the momentum-mismatching is prism coupling using the 
Kretschmann configuration (illustrated in Figure 1.3) to couple incoming light to a single surface 
plasmon resonance on a flat metallic thin film (~50 nm) based on the principle of total internal 
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reflection.[27]  In the prism-based system, the changes in surface plasmon resonance due to the 
changes in the refractive index of the local environment can be identified by measurement of the 
intensity,[28, 29] resonant angle,[30] or resonance wavelength[31] of the reflected light wave. 
One of the great advantages of a prism-based configuration is that the resulting data is easy to 
interpret because incoming light only couples with a single SPR mode in this system. However, 
prism-based SPR configurations consist of the prism, polarizers, lenses, and rotational stages, 
requiring precise alignment of all components. Because of this complex setup, prism-based 
momentum-matching techniques are difficult to miniaturize and to integrate with other devices. 
In addition, improvements in lateral resolution are limited for prism-based SPR imaging systems 
due to the trade-off between the sensitivity and lateral resolution.[10] Long wavelength incident 
light (i.e. NIR) produces sharper SPR reflection for a given incident angle and a higher contrast 
SPR image, while the propagation length of surface plasmons, which determines the lateral 
resolution of SPR imaging, increases as the incident wavelength increases. 
 The difficulties innate in using a prism-based system as a portable SPR imaging sensor 
can be resolved through the use of one-dimensional or two-dimensional metal grating structures, 
which diffract incoming light and thereby compensate for the momentum mismatch between the 
SPP and the photon.[32, 33] The light diffraction facilitated by the grating provides the multiple 
additional momenta to incident photons, which accomplishes the coupling between incident light 
and SPP mode. This relation can be expressed using the following momentum conservation 
equation [34]:  
 0 sinSPP x yk k iG jG    (1.2) 
where SPPk  is the wave vector of the SPP at a polar angle  , 0k is the wave vector of incident 
photon, xG and yG are the Bragg vectors associated with the periodicity of the grating, and i  and 
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j represent the order of scattering event. This momentum conservation relation shows that the 
grating-based system generates multiple photonic couplings to different SPP modes and that the 
coupling condition is adjustable by selecting the appropriate grating spacing and scattering 
orders. Therefore, the SPP behavior in grating-based systems requires a more complex 
interpretation as compared to the behavior observed for prism-based systems despite the 
improved portability in these systems.  
 One of the advantages imparted by metal grating-base system originates from the 
generation of LSPRs in which the surface plasmon is oscillated locally around sub-wavelength 
sized coupling objects.[23, 35-37] Although the shorter decay length of LSPRs lowers sensitivity 
to bulk refractive index changes associated with temperature fluctuations or solution 
concentrations,[15, 38] the LSPRs are more appropriately applied to SPR imaging with high 
lateral resolution due to their non-propagating nature. The lateral resolution of LSPRs can be 
improved to a single-nanoparticle limit,[39] while conventional prism-based systems limit the 
lateral resolution to tens of micrometers or more.[10, 40] Additionally, electric field intensity of 
LSPRs is higher than that of SPPs, which allows for grating-based systems to be used as 
substrates for surface-enhanced spectroscopy techniques.  
 In addition to higher lateral resolution and stronger electric fields, a significant advantage 
of utilizing a grating-based system is the minimal hardware requirement. Since the grating-based 
system can couple photons to surface plasmons without complex optical alignment, these 
plasmonic nanostructures can be easily integrated into miniature or portable SPR devices at low 
cost. Moreover, the grating-based system exhibits greater flexibility for application-specific 
performance optimization because LSPRs produced using grating-based systems can be easily 
tuned by adjusting shape, size, composition, or assembly of metallic nanostructures.[12, 25, 41, 
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42] Due to the multi-faceted advantages of utilizing grating-based systems, square nano-hole 
arrays as platforms for SPR applications are central to a number of previous studies performed 
by our research group.[43-49] The details of the applications that we have previously reported 
using nano-hole plasmonic crystal arrays will be discussed in this chapter. 
  
1.3 Soft Nanoimprint Lithography for Plasmonic Crystal Fabrication 
 Fabrication of metal nanostructures is an active area of study due to their interesting and 
extraordinary properties for diverse applications including photonics, optoelectronics,[50-53] and 
electronics,[54-56] as well as biochemical sensing and imaging.[23, 57-62] Nanostructures are 
typically formed using either a so-called ‘top-down’ or ‘bottom-up’ approach.[63, 64] Top-down 
techniques include conventional lithographic techniques such as photolithography,[65, 66] 
electron beam lithography,[67, 68]  and ion beam lithography[69, 70] or  unconventional 
methods such as block copolymer lithography,[71, 72] soft lithography,[73, 74] and scanning 
probe lithography.[75] Each of these techniques produces nanostructural motifs via the 
extraction of patterned nanostructures from bulk starting material.  Bottom-up methods are used 
to construct nanostructures by controlling interactions of atoms, molecules, or more complex 
mesoscale objects.[76-80] This method facilitates the production of relatively smaller 
nanostructures with simple and inexpensive processing but is not appropriate for the complex 
design of nanostructures.[81] Therefore, the uniformly ordered and geometrically-precise 
structure required for plasmonic crystal preparation typically necessitates fabrication using a top-
down methodology.  
 Photolithography is one of the typical, conventional methods used to mass-produce small 
features over large areas within the semiconductor industry.[82, 83] However, this method is not 
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ideal to make nano-scaled fine structures because a feature’s size is limited to the wavelength of 
light that is used.[84] Electron beam lithography (EBL) and focused ion beam (FIB) lithography 
can directly fabricate diverse nanostructures with precise control over size, shape, and spacing of 
metallic nanostructures. Those methods, however, are difficult to make infinite-area arrays of 
nano-patterns due to the slow processing speed and the high cost of instrument maintenance and 
operation.[64] Recent developments in unconventional types of lithography have provided new 
and effective techniques for patterning nanostructures on non-planar surfaces over large areas. 
These techniques were performed at a low cost and were, therefore, appealing avenues towards 
synthesizing plasmonic devices.[23, 85]  
 A number of unconventional lithographic techniques were evaluated for application to 
plasmonic device fabrication, with each exhibiting specific advantages and limitations. 
Nanosphere lithography uses a single layer of close-packed nanospheres as a deposition mask 
and is an inexpensive, versatile method to fabricate periodic arrays of plasmonic metal 
nanostructures over large areas of 10-100 μm2.[86-88] The periodic spherical voids created 
between neighboring nanospheres allow metal films to be selectively deposited or etched onto 
the substrate. Colloidal lithography is distinguished from nanosphere lithography by its random 
distribution of colloidal particles during deposition instead of the formation of a close-packed 
single layer.[23] The patterns of random particle distribution generated by this technique are 
capable of forming arrays of varying nanostructures such as nanoholes,[89] nanodisks,[90] or 
nanorings.[91] Unconventional polymeric fabrication techniques that have also been proposed 
include soft interference lithography and block copolymer lithography. Soft interference 
lithography can be exploited to create well-ordered nanostructures over large areas using 
polymeric phase mask for interfering light, and can be extended to prepare various nanostructural 
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forms such as infinite arrays, nanoparticles, or free-standing nanostructures through multiple 
exposure or etching steps.[36, 92] Block copolymer lithography can generate dense periodic 
patterns using self-assembling properties of block copolymer.[72, 93] Those unconventional 
lithography techniques are simple and high-throughput nanofabrication methods; however, the 
disadvantage of those methods is their limited pattern design. Scanning probe lithography allows 
for manipulation of various shapes of structures at the molecular level using scanning tunneling 
microscopy (STM), atomic force microscopy (AFM), or near-field scanning microscopy 
(NSOM).[94, 95] Scanning probe lithography is not, however, appropriate for mass-production 
because it requires specific operation conditions and has limitations in processing speed.  
 Building upon previously proposed alternative lithographic methodologies, soft 
nanoimprint lithography was developed as a simple and versatile nanofabrication technique that 
allows for precisely defined nano-sized features generated using elastomeric stamps.[96-100] 
Our research group has utilized this soft nanoimprint lithography to fabricate uniformly ordered 
nanohole arrays over large area at a low cost for a number of previously reported projects.[43, 
46-49, 101] A schematic illustration of the soft nanoimprint process is presented in Figure 1.4a. 
In brief, a composite hard-PDMS/soft-PDMS stamp is cast on a patterned photoresist master 
with arrays of nanohole relief structures and used to fabricate the plasmonic crystals. Composite 
PDMS can improve mechanical properties and reusability of the elastomer stamp.[99] The 
PDMS stamp is pressed into the molding material (e.g. UV-curable polyurethane, SU-8, and 
Spin-On-Glass) on glass slide. After curing molding material using light or heat, the stamp is 
peeled away from the patterned polymer structure. Metal thin film is deposited onto this relief 
structure to complete the plasmonic crystal fabrication. In our previous reports, soft nanoimprint 
lithography was used to fabricate precise nanoholes arrays (optical and SEM images are shown 
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in Figure 1.4b and 1.4c) as the platforms for multiple applications such as chemical and 
biological sensing, SERS, and SPR imaging. These metallic nanohole arrays are termed 
plasmonic crystals because they contain highly uniform metal nanostructure periodicity over 
large areas. The optical properties of plasmonic crystals can be simply changed by modifying the 
lithographic process.[44, 49, 102] For example, the relief depth of a nanohole can be tuned by 
controlling the time and speed for spin-coating thin molding material film on glass slides. The 
resultant plasmonic crystals with different relief depths show different transmission 
properties.[49] In addition to changes in size or lattice parameters of nanoholes,[102] the change 
in distribution of a metal resonant film by adjusting metal deposition processes[48] is another 
simple way to manipulate properties of plasmonic crystals. More details on fabrication and 
optical property changes of nanoimprinted plasmonic crystals are herein discussed.  
    
1.4 Finite-Difference Time-Domain Computational Modeling of Surface Plasmon 
Resonance  
 Computational modeling of grating nanostructures is a powerful tool with which to 
elucidate the underlying physics and to predict the optical responses of devices with arbitrary 
design rules without the expense of physical fabrication. The optical behavior of plasmonic 
crystals is not easy to predict intuitionally because periodic grating structure generates multiple 
plasmonic features that include Wood’s anomalies, Bloch wave SPPs, and Fano resonance, as 
well as LSPRs around nanostructural features.[103] To theoretically characterize optical 
properties of plasmonic crystals, we have extensively simulated these structures using the finite-
difference time-domain (FDTD) method.  
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 The FDTD method was introduced by Yee in 1966[104] and has been developed as a 
versatile and accurate electromagnetic modeling tool to solve Maxwell’s equations.[105] To 
implement FDTD calculations, a computational model is first divided into many small cubes 
(each of which is termed as a Yee’s cell), following which the electric and magnetic fields of 
each unit cell are determined using Maxwell’s differential equations. Although the grid spatial 
discretization can degrade the accuracy of computational results for curved structures, the time-
domain solutions of FDTD computations can provide animated displays of the electromagnetic 
field distribution throughout the modeled system.[106, 107] This time-domain method of FDTD 
simulation is also able to calculate response of the model over a range of wavelengths from a 
single simulation and treat impulse or nonlinear behavior naturally.[105]    
 To compute optical features of infinite square arrays of nanostructures under 
electromagnetic radiation, the unit cell geometry is defined as a single nanostructure with 
appropriate boundary conditions. The unit cell is subdivided into a number of grid points (Yee’s 
cell) with an arbitrary spacing along the x , y , and z  axes, and the interaction between 
nanostructure and electromagnetic fields is calculated at each grid point during a predetermined 
length of time. Defining appropriate optical parameters of modeled materials (permittivity or 
refractive index) is significantly important for more accurate results of FDTD modeling. For 
example, the Drude plus multi-pole Lorentzian model was widely employed to fit complex 
frequency-dependent permittivity of gold and silver which are the two most widely used 
materials for surface plasmon resonant layers.[108] 
  FDTD simulations can be exploited to theoretically understand the spectral behavior of 
plasmonic crystals and to visually demonstrate electric field distributions around nanostructures. 
Figure 1.5 demonstrates the alteration of SPR features depending on minute structural 
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differences of plasmonic crystals using two nanohole arrays with different metal distributions 
that correspond to the quasi-3D and the full-3D plasmonic crystals. Figure 1.5a and 1.5b exhibit 
good correspondence between experimentally measured and computationally determined normal 
incident transmission spectra for quasi-3D nanohole and full-3D nanohole arrays, respectively. 
Small discrepancies probably originate from a combination of effects, such as geometric 
limitations in the computational model, approximation of the wavelength-dependent refractive 
indices of the metal and dielectric, and nanoscale defects or roughness in the actual metal layer. 
Electric field distributions associated with the plasmonic features labeled as B and C in 
transmission spectra of the quasi-3D and full-3D plasmonic crystals are illustrated in Figure 1.5c 
and 1.5d, which were computed to verify types of SPR mode of each plasmonic feature in 
spectra. The largest feature in the quasi-3D transmission spectrum (label C in Figure 1.5c) is 
assigned to BW-SPP or Wood’s anomaly excitations, while that in the full-3D transmission 
spectrum (label C in Figure 1.5d) is the result of LSPR excitations confined around the top rim of 
the nanohole. Also, we can verify that the second largest features in both transmission spectra of 
quasi-3D and full-3D plasmonic crystals are generated by different SPR modes, in Figure 1.5c, 
feature B shows electric field distribution of an LSPR mode, and in Figure 1.5d, feature B 
corresponds with a combination of BW-SPP and Wood’s anomaly.  
 FDTD calculations also can be used to optimize performance of plasmonic devices by 
evaluating the design rules of plasmonic crystals such as the relief depth, periodicity, nanohole 
diameter, and the distribution of metal resonant film.[109]  Figure 1.6 demonstrates that the 
optimized system structure of squared nanohole arrays for refractive index sensing can be 
predicted using FDTD modeling. The figure-of-merit (FOM) for refractive index sensing was 
determined by integration of normalized transmission differences ( norm solution baselineT T T   ) over 
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the collected wavelength range. Figure 1.6a shows the normalized transmission difference of 
calculated normal transmission spectra for a plasmonic crystal of 350 nm relief depth in solutions 
with different concentrations of polyethylene glycol (PEG).  Despite the observation that 
magnitudes of experimentally determined FOMs are smaller than those calculated due to various 
imperfections on metal film, the changes to calculated FOMs as a function of periodicity shows 
similar gross trends with experimentally obtained FOMs (shown in Figure 1.6b). Similarly, the 
changes in calculated FOMs for plasmonic crystals with increasing gold film thickness (shown in 
Figure 1.6c) can be used to estimate approximately the influence of gold film thickness on the 
experimentally determined FOM values of plasmonic crystals (in Figure 1.6d). Although it is 
difficult to quantitatively forecast the value of FOMs due to the experimental limitations, FDTD 
calculations are a robust tool to qualitatively predict the optical behavior of plasmonic devices 
and to optimize the structures of plasmonic systems in order to achieve their best performance.  
  
1.5 Applications of Plasmonic Crystals 
The periodic nanostructures in metal films have been utilized as a platform for a variety 
of SPR applications and studied extensively to facilitate understanding of the underlying physics 
of surface plasmon resonance. These efforts have been directed particularly toward the unique 
optical properties of periodic nanostructures such as extraordinary optical transmission and high 
sensitivity to optical changes in the local environments.[32, 110-112] Our research group in 
particular has focused on implementing square arrays of nanoholes fabricated using soft 
nanoimprint lithographic techniques to develop a diverse array of SPR applications including 
chemical/biological sensing and imaging, field-enhanced spectroscopy, and plasmonic solar 
cells.    
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1.5.1 Bulk Refractive Index Sensing Using Plasmonic Crystals 
 The surface plasmon resonance is extraordinarily sensitive to changes on refractive index 
of surrounding environment. Due to this nature, plasmonic crystals have been used as a bulk 
refractive index sensor. The refractive index sensitivities of SPR sensors have been commonly 
determined by measuring changes in position or intensity of single resonance peak. Although 
single resonance peak analysis method allows for simple interpretation of optical data, it is not 
suitable to evaluate the sensitivity of a plasmonic crystal for which optical responses are dictated 
by complex plasmonic behavior associated with the LSPRs, BW-SPPs, and Wood’s anomaly 
responses.[103] Therefore, the multispectral sensitivity analysis was introduced to determine the 
bulk refractive index sensitivity of plasmonic crystals.[46, 113-115]  
Figure 1.7a displays the changes in transmission spectrum of a quasi-3D plasmonic 
crystal as the concentration of polyethylene glycol (PEG) solutions increase.[47] The 
surrounding refractive index was controlled as PEG solutions of varying concentration were 
injected onto the surface of a flow-cell mounted plasmonic crystal (shown in Figure 1.8). To 
consider both the peak shifts and the intensity changes over the collected wavelength range, the 
absolute value of differences between transmission spectra collected in each PEG solution and 
the spectrum recorded in pure water was integrated using the following equation: 
 | (% ( ) |R T d    (1.3) 
This integral response, R, has unit of %T nm  and changes linearly as a function of the 
refractive index of the PEG solution (demonstrated in Figure 1.7b). This multispectral analysis 
method is not only more suitable to reflect various SPR modes, but also more precise for 
detecting changes in bulk refractive index as compared to common SPR-based measurements. 
For example, signal-to-noise ratio of the integrated multispectral response of a quasi-3D 
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plasmonic crystal was improved by a factor of 3-10 times over that of a single-wavelength 
response of the same optical system.[47]   
1.5.2 Biological/Chemical Detecting Using Plasmonic Crystals 
 In addition to bulk refractive index sensing, the multispectral sensitivity of evanescent 
electric fields offers interesting opportunities for identifying specific analytes of interest or 
monitoring dynamics of analytes. SPR-based sensing methods have been actively exploited to 
employ their unique ability for label-free biological/chemical detection under extremely dilute 
conditions in real time. For example, plasmonic crystals have been used as substrates for 
measuring the dynamic adsorption of biomolecules and chemomechanical forces.[43, 47, 116] 
The application of full-3D plasmonic crystals to quantitative analytical bioassays was 
demonstrated using the binding of goat IgG in solution to immobilized antigoat IgG on the 
surface of a plasmonic crystal.[47] To immobilize and orient antigoat IgG, protein G was 
covalently coupled to the surface of the plasmonic crystal on which a carboxyl-terminated thiol 
self-assembled monolayer was applied. Figure 1.9a shows the normalized integrated 
transmission changes as a function of the concentration of goat IgG solution injected into a flow 
cell-mounted plasmonic crystal and verifies the substantive agreement between surface coverage 
of IgG on the plasmonic crystal (corresponding with normalized integrated response) and the 
Langmuir isotherm model. The surface confined affinity constant is estimated as 7×107 M-1 by 
fitting data to a Langmuir adsorption model, which is consistent with previously reported results 
for IgG/anti-IgG systems.[117, 118]  
Figure 1.9b exhibits the specific binding event of a biotin-avidin on quasi-3D plasmonic 
crystals.[43] Injection of biotinylated bovine serum albumin (bBSA) into a flow-cell mounted 
plasmonic crystal triggered an increase and subsequent plateau in the integrated response 
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(marked as (i) in Figure 1.9b) due to the adsorption of a bBSA monolayer onto the surface of 
plasmonic crystals. This bBSA monolayer was prevented from further nonspecific adsorption 
(confirmed using phosphate buffered saline (PBS) and unmodified bovine serum albumin (BSA) 
solution, marked as (ii) in Figure 1.9b) on the sensing substrate, but was observed to specifically 
bind to avidin. This specific binding of surface-bound bBSA and avidin was observed from the 
large increase in integrated response after injecting avidin (marked as (iii) in Figure 1.9b). 
Response of final binding of terminating layer of bBSA and surface-immobilized avidin was 
smaller than initial binding of immobilized bBSA and free avidin, consistent with layer-
dependent mass coverage previously reported in similar assays.[119, 120] 
The pH changes in the surrounding solution are extremely difficult to measure using SPR 
responses because these changes generate only small alterations in bulk refractive index (less 
than 1×10-4). Plasmonic crystals, however, can be used as pH sensors by coupling with a surface-
bound pH sensitive hydrogel.[116] The pH gradients in the hydrating solution influence the force 
of osmotic pressure exerted on the hydrogel, and the resultant mechanical change in the hydrogel 
matrix is optically monitored by the plasmonic crystal. The top panel of Figure 1.9c shows the 
reversible changes in transmission of the hydrogel-modified nanohole arrays, after which analyte 
solutions was cycled between pH 7.86 and 1.44. A correlation between the magnitude of 
integrated transmission changes and pH changes is demonstrated in bottom panel of Figure 1.9c 
using three different pH change cycles; pH 7.86 to 1.44 (blue), 6.42 to 5.13 (red), and 5.76 to 
5.66 (black). Remarkably, this hydrogel-modified plasmonic pH sensor is highly sensitive to pH 
changes in solution, even enabling recognition of changes down to 0.1 pH units without noise 
(presented in magnified inset of Figure 1.9c).  
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1.5.3 Two-Dimensional Imaging Using Plasmonic Crystals 
 The grating-based SPR system capable of resolving surface adsorbates with higher spatial 
resolution[121, 122] provides potential for utilities in two dimensional chemical/biological 
imaging as well as spectroscopic sensing. In particular, the high structural uniformity over large 
areas allows nanoimprint plasmonic crystals to function as stable platforms for thin film imaging 
sensors under near-infrared or visible wavelengths.[46, 113, 123] An SPR imaging sensor built 
using plasmonic crystals and simple optical instruments such as a silicon charge-coupled device 
(CCD) camera-equipped optical microscope is more applicable for real-time detection of 
biological and chemical agents. Ultimately, this imaging method is easier to design, is relatively 
inexpensive, has a more compact optical setup, and outputs visual data in a more intuitive than 
spectroscopic sensing.  
 A Quantitative thin film imaging technique using a nanoimprinted plasmonic crystal was 
also demonstrated using three different proteins (fibrinogen, -globulins, and myoglobin) that 
nonspecifically adsorbed to the surface of full-3D nanohole arrays (illustrated in Figure 
1.10).[47] The patterned protein lines on the plasmonic crystal were imaged under white light 
illumination and were readily discerned from the background due to the different SPR responses 
in each region of discrete refractive indices. Moreover, this plasmonic crystal-dependent 
quantitative imaging method can be used as a molecular ruler. Figure 1.10b and Figure 1.10c 
show the thickness of three protein lines calibrated based on a contrast change of a 2 nm 
reference thin film (a change in image intensity of ~0.04 (0.01)), which is in good agreement 
with the ellipsometrically determined thickness of the protein on a planar gold film.[124]  
 Figure 1.11 validates the excellent sensitivity of the nanohole plasmonic imaging sensor, 
which facilitate discernment even of mass differences between two-carbon atoms.[46] The 
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patterns of 1-octadecanethiol (ODT) monolayers formed by a micro-contact printing method on a 
full-3D plasmonic crystal were clearly differentiated from the uncovered area due to refractive 
index differences between two regions (in Figure 1.11a). By immersing ODT-patterned 
plasmonic crystals into an ethanol solution of 1-hexadecanethiol (HDT), image contrast 
decreased as differences in refractive indices between the ODT pattern and the rest of HDT 
modified regions decreased, but ODT patterns were still distinctly distinguishable (in Figure 
1.11b). The magnitude of decrease in image contrast at the endpoint of the backfilling 
experiment (at 300 s), which is about 10% of its initial value, correlates well with the 11% 
difference in the chain length of ODT and HDT. The plot in Figure 1.11c shows that the image 
contrast decreased as a function of backfilling time with HDT, which corresponded with a first-
order Langmuir adsorption isotherm. Therefore, SPR imaging using plasmonic crystals was 
confirmed as a powerful method to quantitatively visualize and analyze ultra-thin films in real 
time without expensive optical systems.    
1.5.4 Surface-Enhanced Raman Scattering Using Plasmonic Crystals 
 Raman scatting is defined as inelastic scattering of photons from a molecule in which the 
frequency of the photon is shifted by the energies of molecular vibrations.[125] Raman 
spectroscopy can be utilized for molecular characterizations because vibrational information is 
specific to the chemical bonds and symmetry of molecules. The main limitation of Raman 
spectroscopy is, however, weak intensity of signal, making it challenging to separate Raman 
scattering from the intense elastic scattering in certain experimental circumstances. 
 Enhanced electric fields that are associated with LSPRs and generated via plasmonic 
nanostructures can improve intensity of Raman signals by several orders of magnitude (as much 
as 10 to 11 orders of magnitude).[58, 126] Spectroscopic analysis using a Raman signal 
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amplified by surface plasmon resonance is termed surface-enhanced Raman spectroscopy 
(SERS). The Raman signal produced by an early SERS system using roughed metal film or 
nanoparticles was vastly irreproducible owing to its ill-defined structures.[127] Therefore, 
plasmonic crystals which consist of uniformly ordered nanostructures have been exploited as 
more promising substrates for SERS sensing and imaging with reproducibly exceptional 
sensitivity.[102]  
 Figure 1.12a demonstrates the enhanced Raman intensities of benzenethiol using quasi-
3D plasmonic crystals with varying diameters and nanohole periodicities. According to the 
approximate requirement for SERS enhancement, the maximum enhancement is expected when 
the plasmonic crystal creates LSPR at wavelengths halfway between laser excitation (785 nm) 
and the Raman scattered wavelength of benzenethiol (857 nm corresponding to a Raman shift of 
1073 cm-1), corresponding to 821 nm.[128, 129] The transmission intensities at 821 nm and the 
SERS signal at 1073 cm-1 of sixteen different nanohole arrays with different periodicities 
(presented in Figure 1.12b) are in qualitatively good agreement, which verifies correlation 
between LSPR strength and SERS enhancement.   
Due to the long-term stability in SERS responses (over ~150 days in air) and high 
structural uniformity over large areas, plasmonic crystals can be employed as an effective 
substrate for SERS imaging. The top image in Figure 1.12c shows nanohole arrays patterned 
within the letters of “UIUC” on SU8 substrate.  The map of Raman intensity at 1073 cm-1 from 
this SU8 substrate after soaking in benzenethiol (in the bottom panel of Figure 1.12c) 
demonstrates that high Raman signal is detected only in the areas where nanohole arrays are 
present, despite the presence of an adsorbed benzenethiol monolayer across the entire surface.  
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1.5.5 Light Trapping for Photovoltaic Devices 
 Thin film silicon (Si) solar cells have attracted attention as a next-generation energy 
source due to the economic efficiency and manufacturing feasibility for light-weight and flexible 
devices. Si is the dominant commercial material in the semiconductor and photovoltaic industry 
because of its abundance and non-toxicity as well as its exceptional optical and electronic 
properties.[130-132] However, Si with the indirect band-gap is a relatively weak light absorber, 
in particular over the 600-1100 nm spectral range. This limitation requires optically thick 
dimensions of conventional Si solar cells (~180-300 μm), which impedes the ability of Si solar 
cells to be widely used in affordable, practical applications. For lower system costs, alternative 
thin-film solar cells with light trapping structures have been developed.[133-135] The standard 
method for increasing light absorption in a solar cell is to employ pyramidal surface textures 
with a double-layered anti-reflection coating.[136-138] Although this structure can effectively 
reduce light reflection from the front surface and increase the optical path length by scattering 
light at multiple angles, micrometer-sized textured surface (from 5 to 10 μm)  is not appropriate 
for thin film solar cell design. Therefore, light trapping schemes on the nano-scale are needed for 
the future of affordable photovoltaic technology.   
Recently, plasmonic solar cells have been proposed to improve light absorption using 
metallic nanostructures that support surface plasmons.[21, 139-141] Plasmonic structures for 
concentrating and scattering light into the thin film solar cells can be engineered in three ways 
(illustrated in Figure 1.13).[142] First, metal nanoparticles at the surface of the solar cell allow 
light to be scattered and folded into the solar cell. In addition, embedded plasmonic 
nanostructures in the solar cell can act as sub-wavelength antennas, thereby increasing the 
effective absorption cross section. Lastly, light can be trapped and guided by the excitation of 
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SPPs at the interface between semiconductor and the backside corrugated metallic film. These 
light-trapping techniques using plasmonic structures have great potential for development of thin 
film solar cell without loss of light absorption.   
 Figure 1.14 illustrates a demonstration of enhanced short circuit current densities of 
ultrathin hydrogenated amorphous Si (a-Si:H) solar cells combined with nanoimprinted 
plasmonic back-contacts at which SPPs are confined. The design of plasmonic solar cell with 
Ag/ZnO:Al back-contact is illustrated in Figure 1.14a and a photograph of a finished solar cell is 
shown in Figure 1.14b. An SEM image of a Ag-coated silica sol-gel pattern (shown in Figure 
1.14c) attests to the uniformity of nanoparticles with 290 nm diameters and 500 nm pitch. 
Devices can be characterized by quantum efficiency (QE) measurements to evaluate the 
enhanced performance of plasmonic solar cell compared with similar solar cells on flat or 
randomly textured substrates. Current density/voltage measurements (in Figure 1.14d) 
demonstrate that the best cell having nanostructures with 250 nm diameter and 500 nm pitch 
increases in Jsc by 46% over that of the flat cell and has a high efficiency of 6.6%, which is 
similar to the maximum efficiency found for a thick cell. The effects of plasmonic structures on 
solar cell efficiency can be further verified using FDTD computations. The overall spectral 
correspondence between the EQE measurements (Figure 1.14e) and the electromagnetic 
simulation using FDTD (Figure 1.14f) strongly suggests that the enhanced short circuit current of 
plasmonic solar cell is due to increased light absorption by plasmonic structures.  
 
1.6 Overview of Dissertation 
 This dissertation describes analytical applications for nanostructured plasmonic crystals 
consisting of square arrays of nanoholes fabricated using soft nanoimprint lithography. Soft 
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nanoimprint lithography provides a simple and powerful method to fabricate plasmonic 
nanostructures over large area with high spatial fidelity. The nanoimprinted plasmonic structures 
are capable of coupling between incident light and surface plasmons, which generate multiple 
plasmonic modes including propagating surface plasmon polaritons (SPPs) and localized surface 
plasmon resonances (LSPRs). The evanescent electric field originating from surface plasmon 
resonance is highly sensitive to small optical changes near the surface of metallic nanostructures. 
Therefore, plasmonic crystals offer promising opportunities for spectroscopic 
chemical/biological sensing and SPR-based imaging applications.   
Chapter 2 describes the development of an Ag/Au bimetallic plasmonic crystal as an 
optical system with superior sensitivity for quantitative bulk refractive index sensing and 
surface-enhanced Raman spectroscopy (SERS) to mono-metallic plasmonic crystals. Bimetallic 
plasmonic crystals exhibit outstanding performance that stems from distinctive plasmonic 
features and strong localized electric fields produced by both the Ag and Au metallic layers, as 
well as chemical stability imparted by the Au. To achieve the greatest improvement in refractive 
index sensitivity and Raman signal, the thickness ratio for each metal and the geometric 
parameters of the plasmonic crystal nanostructure can be optimized.  Finite-Difference Time-
Domain (FDTD) simulations are then used to theoretically verify the underlying physics of 
surface plasmon resonances associated with multispectral refractive index and SERS-based 
chemical sensing. The results from this work demonstrate a robust and low-cost platform for 
chemical/spectroscopic sensing.  
 Chapter 3 describes the development of a reflection imaging technique capable of 
quantitatively determining the thickness of bio-molecular structures on the surface of a 
nanostructured plasmonic crystal in dry conditions. Polyelectrolyte films grown with a layer-by-
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layer assembly method were imaged through bandpass filters and used to calibrate reflection 
contrast changes as a function of thickness. To compensate for refractive index differences of 
polyelectrolyte films and biomolecular systems, ellipsometric modeling and FDTD computation 
were performed to derive the refractive index-corrected layer thicknesses. The reflection contrast 
responses originating from surface plasmon resonances were applied for quantitative analysis of 
Aplysia californica pedal neurons cultured and fixed directly on the plasmonic crystal surface, 
which demonstrates the potential application of plasmonic crystals as substrates for label-free 
forms of quantitative imaging techniques. Combining reflection images acquired using different 
wavelength ranges is suggested as a method with which to increase image contrast and 
sensitivity to topological differences. The limitation of plasmonic imaging techniques to a 
narrow measurable thickness range (less than 100 nm) was complemented with an 
interferometric analysis method. This simple reflection imaging technique therefore shows 
potential as a quantitative method for analyzing surface thicknesses at nanometer scales over 
large areas in real-time.   
Chapter 4 describes the utilization of a reflection imaging technique for quantitative 
imaging of live cell morphology and cell-substrate interactions within biocompatible 
environments. In the same manner as described in Chapter 3, polyelectrolyte thin films are used 
as a reference model system and FDTD calculations are utilized to verify the reflection contrast 
changes caused by increasing the thickness of index-corrected materials for live biological 
systems. Studies conducted on complex biological systems such as the live Aplysia californica 
pedal ganglion neurons that were immersed in artificial sea water (ASW) served to illustrate the 
substantive potential for using plasmonic reflection imaging techniques as multi-functional 
analytical tools for studying dynamic living systems and organisms. In this study, the 
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morphology of peripheral structures (< ~80 nm) of live Aplysia pedal neurons was able to be 
quantitatively analyzed. Furthermore, a complex process such as cell detachment induced by 
trypsinization was visualized directly and interpreted. These results validate that plasmonic 
reflection imaging methodology can serve as a promising real-time analysis method for 
investigating quantitatively the morphology and dynamics of ultrathin cellular systems in 
complex environments.  
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1.8 Figures 
 
 
Figure 1.1 Schematic diagrams illustrating (a) a surface plasmon polariton (SPP) and (b) a 
localized surface plasmon resonance (LSPR). (Figure was reprinted and adapted with permission 
from [15]; copyright ©Annual Reviews, 2007.) 
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Figure 1.2 The dispersion curves for a surface plasmon polariton (SPP) mode (solid line) and 
free space photon (dot line). A SPP mode always has greater momentum than a free space photon 
of the same frequency. Therefore, the momentum mismatch should be overcome for coupling 
light and SPP. (Figure was reprinted and adapted with permission from [3]; copyright © 
Macmillan Publishers Ltd: Nature, 2003.) 
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Figure 1.3 Basic schemes for SPR sensors with Kretschmann configuration. (Figure was 
reprinted and adapted with permission from [143]; copyright © MDPI AG, 2011.) 
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Figure 1.4 (a) Schematic illustration of soft nanoimprint lithography protocol. (b) Optical image 
of an embossed plasmonic crystal. Hole depth is ~400 nm, hole diameters vary from ~0.24-1.06 
μm, and hole spacings vary from ~0.50-1.74 μm. (c) SEM image of cylindrical nanohole array 
patterned by soft nanoimprint lithography (inset) individual hole and cross section view of 
nanohole. (Figure was reprinted and adapted with permission from [48]; copyright © John Wiley 
& Sons, Inc., 2010.) 
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Figure 1.5 (a) Experimental transmission spectrum (blue) for quasi-3D plasmonic crystal (~420 
nm hole diameter, ~350 nm hole depth, ~720 nm hole spacing) and electrodynamic modeling 
transmission spectra with idealized gold distribution (green) or with isolated gold grains near 
edge of bottom gold disk (red). (b) Experimental transmission spectrum (black) for full-3D 
plasmonic crystal (~456 nm hole diameter, ~350 nm hole depth, ~748 nm hole spacing) and 
electrodynamic modeling transmission spectrum (red). (c, d) The calculated electric field plots 
corresponding to wavelengths for peaks marked B and C in the transmission spectra for (c) 
quasi-3D plasmonic crystal and (d) full-3D plasmonic crystal, respectively. (Figure was reprinted 
and adapted with permission from [48]; copyright © John Wiley & Sons, Inc., 2010.) 
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Figure 1.6 (a) Plot of normalized difference between transmission spectra for different refractive 
index environments in 1.4 wt% PEG solution (red line), 2.8 wt% PEG solution (green line), and 
4.2 wt% PEG solution (blue line) and reference transmission spectrum in water. (b) Calculated 
sensitivity or figure of merit (FOM) for varying relief depth (solid black squares connected by 
black lines). Available experimental results for the relief depth dependence of plasmonic crystals 
with comparable configurations are also shown (solid red circles connected by red lines). (c) 
Calculated FOM for the plasmonic crystal assuming a uniform thickness gold layer covering the 
nanohole array. (d) Experimental FOM for varying the top gold layer thickness with the bottom 
and sidewall thicknesses being in proportions relative to the top layer. (Figure was reprinted and 
adapted with permission from [109]; copyright © American Chemical Society, 2009.) 
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Figure 1.7 Optical response of a quasi-3D plasmonic crystal to sequential injections of 
increasing concentrations of aqueous PEG solutions. (a) Color contour plot of the change in 
transmission (T) as a function of wavelength and time (with the corresponding injection 
sequence overlaid on the plot). (b) Integrated multispectral plasmonic response as a function of 
time. (Inset) A linear correlation to the change in refractive index. (Figure was reprinted and 
adapted with permission from [43]; copyright © National Academy of Sciences, 2006.) 
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Figure 1.8 (a) Side and front views of the flow cell used for the sensitivity calibration of the 
plasmonic crystal. Normal incidence transmission spectra were collected as a function of time as 
solutions of PEG were injected through the flow cell. (b) Digital picture of a plasmonic crystal 
mounted inside a flow cell. (Figure was reprinted and adapted with permission from [44]; 
copyright © John Wiley & Sons, Inc., 2006.) 
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Figure 1.9 (a) The normalized integrated response of a plasmonic crystal with immobilized 
antigoat IgG to increasing concentrations of goat IgG (red data points) and nonlinear regression 
of the binding curve (black line). (Figure was reprinted and adapted with permission from [47]; 
copyright © American Chemical Society, 2009.) (b) (Top) Color contour plot of the change in 
transmission of plasmonic crystal as a function of wavelength and time. The overlaid injection 
sequence corresponds to PBS (1), bBSA (2), BSA (3), and avidin (4). (Bottom) Integrated 
multispectral plasmonic response and corresponding effective thickness of the biotin-avidin-
biotin assay (schematically illustrated in the inset). (Figure was reprinted and adapted with 
permission from [43]; copyright © National Academy of Sciences, 2006.) (c) (Top) Spectral 
sensitivity map consisting of difference spectra from crystal referenced to t = 0 s, after which the 
analyte solution is cycled between pH 7.86 and 1.44. (Bottom) The integrated plasmonic 
response corresponding to reversible changes in analyte solution from pH 7.86 to 1.44 (blue), 
6.42 to 5.13 (red), and 5.76 to 5.66 (black). The smallest pH change (0.10) is well differentiated 
from the stable background signal (inset). (Figure was reprinted and adapted with permission 
from [116]; copyright © American Chemical Society, 2007.) 
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Figure 1.10 (a) A schematic illustrating the use of a three channel PDMS microfluidic device to 
pattern the surface of a crystal. (b) Transmitted light image of three proteins; (from left to right) 
fibrinogen (MW = 340 kDa), γ-globulins (MW = 160 kDa), and myoglobin (MW = 14.4 kDa). 
(c) The average line profile through the image in panel b. (Figure was reprinted and adapted with 
permission from [47]; copyright © American Chemical Society, 2009.) 
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Figure 1.11 (a) Transmitted-light image of ODT patterns (red features, the red boxes at the ends 
of each feature have dimensions on the order of 50 microns) on a plasmonic crystal. (b) 
Transmitted-light image of the sample after a 300 s of backfilling with HDT; same scale as (a). 
(c) Plot of image contrast (ODT intensity minus HDT intensity) as a function of the HDT 
backfilling time. (Figure was reprinted and adapted with permission from [44]; copyright © 
Wiley-VCH Verlag GmbH & Co., 2008.) 
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Figure 1.12  (a) SERS spectra of benzenethiol adsorbed onto areas of a molded SERS substrate 
composed of square lattices of cylindrical holes with different diameters: D=0.514 μm (blue); 
0.689 μm (red); 1.06 μm (red). (b) Transmission intensity at 821 nm and SERS response as a 
function of diameters. (c) (i) Optical micrograph and (ii) SERS mapping of benzenethiol 
monolayer on nanohole array imprinted in previously photodefined SU-8. Scale bar is 5 μm. 
(Figure was reprinted and adapted with permission from [102]; copyright © American Institute of 
Physics, 2009.) 
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Figure 1.13 (a) Light trapping by scattering from metal nanoparticles at the surface of the solar 
cell. (b) Light trapping by the excitation of localized surface plasmons in metal nanoparticles 
embedded in the semiconductor. (c) Light trapping by the excitation of surface plasmon 
polaritons at the metal/semiconductor interface. (Figure was reprinted and adapted with 
permission from [142]; copyright © Macmillan Publishers Ltd: Nature Materials, 2010.) 
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Figure 1.14 (a) Schematic cross section of the patterned solar cell. Incident blue and red arrows 
indicate that blue light is absorbed before reaching the back contact while red light interacts 
more with the back patterns. (b) Photograph of finished imprinted patterned solar cell substrate. 
Each colored square is a separate device, with different particle diameter and pitch. (c) SEM of 
Ag overcoated patterns showing 290 nm diameter particles with 500 nm pitch. (d) Electrical 
measurements of plasmonic solar cell with 160 nm of a-Si:H. Curves are shown for square grid 
patterns of 250 nm diameter plasmonic scatterers at pitches of 500 nm and 700 nm, the flat 
reference cell, and the randomly textured Asahi cell. (e, f) External quantum efficiency spectra of 
nanopatterned and randomly textured solar cells obtained from (e) measurement and (f) 
simulation. (Figure was reprinted and adapted with permission from [139]; copyright © The 
Optical Society, 2010.) 
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CHAPTER 2 
REFRACTIVE INDEX SENSING AND SURFACE-ENHANCED RAMAN 
SPECTROSCOPY USING SILVER-GOLD BIMETALLIC PLASMONIC CRYSTALS 
 
2.1 Abstract 
Herein we describe the fabrication and characterization of Ag and Au bimetallic 
plasmonic crystals as a system that exhibits improved capabilities for quantitative bulk-
refractive-index (Bulk RI) sensing and surface-enhanced Raman spectroscopy (SERS) as 
compared to mono-metallic plasmonic crystals of similar form. The sensing optics, bimetallic 
plasmonic crystals consisting of sequential nanoscale layers of Ag coated by Au, are chemically 
stable and useful for quantitative forms of multispectral refractive index and spectroscopic 
chemical sensing.  The results illustrate improvements in performance compared to previously 
reported homometallic devices that stem from distinctive plasmonic features and strong localized 
electric fields produced by Ag and Au layers optimized in terms of metal thicknesses and 
geometric features of the nanostructure.  Finite-Difference Time-Domain (FDTD) simulations 
were used to theoretically verify the nature of the multimode plasmonic resonances generated by 
the devices and better understand the enhancements in multispectral refractive index (RI) and 
SERS-based sensing that they offer. Taken together, the results demonstrate a robust and 
potentially low-cost platform for chemical/spectroscopic sensing. 
 
2.2 Introduction 
Studies of surface plasmons have attracted significant attention due to the diverse range 
of applications and processes in which they can be exploited. These include: laser emission[1]; 
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light trapping[2, 3]; optical modulation[4]; and label-free means of chemical or biological 
sensing[5, 6]. Surface plasmons are collective oscillations of conduction electrons near metal 
surfaces that are excited by electromagnetic radiation incident at a metal/dielectric interface. This 
results in an evanescent electric field that can either extend from the metal surface to ~100-200 
nm in length (surface plasmon polaritons), or as a localized resonance at the surface of a metal 
nanostructure (localized surface plasmons). The attributes of these excitations are highly 
sensitive to local refractive index changes, which in turn provide a capability for their 
exploitation in chemical and biological sensing.[7-9] In this way, surface plasmonic resonance 
(SPR) sensors are promising as an analytical technique for real-time, fully label-free detection of 
molecules both quantitatively and qualitatively, as well as for monitoring surface interactions.[5, 
10, 11] Surface-enhanced Raman spectroscopy, better known as SERS, is another important 
analytical application which utilizes the enhanced electromagnetic fields produced by surface 
plasmons.[12, 13] Raman scattering signals can be dramatically amplified on a plasmonic 
substrate, reportedly by as much as 10 to 11 orders of magnitude, reaching levels of sensitivity 
suitable for single molecule detection.[14, 15] 
Generally speaking, photons cannot directly elicit plasmonic excitations on metal films 
from the air due to conservation requirements.[16, 17] To compensate for the mismatch in 
momentum between an incident photon and a plasmonic resonance, most studies to date have 
focused on metallic nanostructures such as nanoparticles,[18, 19]
 
line gratings,[20]
 
and nanoscale 
holes[21-26] or voids[27] to effect couplings and further obtain stronger electromagnetic fields 
and higher spatial resolution from localized surface plasmon resonances (LSPR). Many methods 
of fabrication have been described that provide structures capable of generating these plasmonic 
features.[28-33] Our work in this area has exploited soft nanoimprint lithography, a technique 
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that permits reproducible replication of precisely defined nano-sized features over a large area 
(greater than 1 x 1 cm
2
),[34, 35] as a way to fabricate quantitative imaging-mode and 
multispectral plasmonic optics.[23, 24, 36] This fabrication method yields highly uniform arrays 
of nanoholes in a dielectric substrate that on metallization provide a plasmonic platform for SPR 
sensing and SERS.[22-26, 37, 38]  
Noble metals such as Au and Ag are the most commonly used plasmonic materials 
because they generate strong plasmonic resonances at visible and near-infrared frequencies.[39] 
Metallic Ag generates a stronger evanescent field and narrower plasmon resonances than does 
Au that, in principle, are an advantage for both optical sensing and SERS.[40-42] It is Au, 
however, that is more widely utilized for analytical applications due to its long-term 
environmental stability, ease of surface modification, and biocompatibility.[43] The present 
study explores means for realizing synergies in the complementary attributes of each material, 
examining a bilayer/multi-metallic Ag/Au plasmonic crystal (PC) motif that is characterized by 
higher analytical sensitivities and stronger enhanced electric fields than our previously reported 
mono-metallic PC systems. Manipulating the composition of the thin metal films, their spatial 
distribution, and the design rules of the PC optical elements (in terms of the lattice parameter and 
features sizes of the nanoholes) is found to be an effective approach to optimizing responses in 
multispectral and SERS-based sensing. To illustrate the properties of these devices, the optical 
responses from exemplary PCs were acquired by 0
th
-order transmission measurements.  Finite-
difference time-domain (FDTD) calculations were performed to assist in characterizing how 
each system behaved in order to understand and obtain an optimized device form factor. The data 
illustrate that optimized Ag/Au bimetallic PCs harbor a useful potential for applications in 
chemical sensing.  
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2.3 Experimental Materials and Methods 
2.3.1 Materials 
The reagents were used as received without further purification unless otherwise 
specified.  Spin-on-glass 315F (SOG) was purchased from Filmtronics and was filtered twice 
sequentially using 0.22 μm (Millipore) and 0.02 μm (Whatman Anotop 10) syringe filters 
immediately before use in order to remove nanoparticles in the SOG sol formed by 
hydrolysis.[26] Polydimethylsiloxane (soft PDMS; Sylgard 184, Dow corning) was made in a 
10:1 ratio of PDMS base with curing agent. Hard PDMS components: poly(25-30% 
methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), poly(7-8% vinylmethylsiloxane)-
(dimethylsiloxane), (VDT-731), Platinum divinyltetramethyldisiloxane (SIP6831.1) and (1,3,5,7-
tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (7900) were purchased from Gelest.  
Polyethylene glycol (PEG, MW = 10,000 g/mol) and benzenethiol (BT) (99.99 %) were 
purchased from Aldrich. 100% ethyl alcohol (Decon lab) was used to solvate benzenthiol. 
Ultrapure water (18.2 MΩcm) was generated using a Millipore Milli-Q Academic A-10 system 
and used to prepare the PEG buffer (0-5.6 w%) solutions. 
2.3.2 Plasmonic Crystal Fabrication via Soft Nanoimprint Lithography 
The PCs were fabricated using soft nanoimprint lithography as previously reported.[22-
26, 37, 38]  In brief, a composite hard-PDMS/soft-PDMS was cast on a patterned photoresist 
master with arrays of nanohole relief structures and used to fabricate the PCs. A glass slide was 
fully covered with liquid SOG, and spin cast (~950 rmp for 6 sec) to produce a thin and uniform 
layer of liquid SOG on the glass slide surface. The PDMS stamp was then pressed into the SOG 
coated glass slide and fastened in place to achieve conformal contact between the PDMS stamp 
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and SOG film. Before baking, the sample was left at room temperature for 7 min to facilitate 
evaporation of volatile organic components of the SOG material. The sample was soft baked at 
110 °C for 5 min, followed by the careful removal the PDMS stamp. The embossed SOG film 
was then further cured at 200 °C for 5 min followed by baking at 160 °C overnight. Finally, the 
fully-cured SOG film was annealed at 450 °C under nitrogen for 1 h. The replicated SOG 
nanostructures consist of well-defined square arrays of nanoholes, patterned using sixteen 
different design rules that offered broad variations of response to optical frequencies. A ~5 nm 
titanium dioxide adhesion layer was deposited using atomic layer deposition (Cambridge 
nanotech) on the embossed SOG nanostructure followed by deposition  of ~ 50 nm metallic film 
(Au, Ag or both) via one of different methods. Sputter deposition in 5 mTorr argon (AJA 
International) was utilized for substrates prepared for bulk-refractive-index (bulk IR) sensing 
experiments and electron beam (E-beam) evaporation (Temescal) was used for samples made for 
SERS measurement. The schematic illustration of both SOG PC structures is given in Figure 2.1 
and the scanning electron microscopy (SEM) images of nanohole arrays of different metal 
distributions are shown in Figure 2.2a (sputter deposition) and Figure 2.2b (E-beam evaporation). 
The island-like metallic film structures (shown in inset of Figure 2.2a) were found to be 
susceptible over time to the penetration of liquid solution into the interfaces formed between the 
metal films and the SOG substrate. To prevent the degradation in performances this engendered, 
a conformal ~6 nm thick Al2O3 passivation film was deposited on top of metal by atomic layer 
deposition (Cambridge nanotech). 
2.3.3 Bulk Refractive Index Sensing via Transmission-mode Spectroscopy 
Transmission spectra in air and bulk RI dependent PC data were measured using a Varian 
5G UV-Vis-NIR spectrophotometer with normal incident light and no temperature control. The 
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bulk RI measurements were carried out using methods that have previously reported.[22, 24, 26, 
37, 44, 45] In this protocol, a PDMS flow cell was mounted on top of the PC and PEG buffer 
solutions of increasing concentration (pure water, 1.4 w%, 2.8 w%, 4.8 w%, and 5.6 w%) were 
injected into the PDMS flow cell with a syringe pump (Harvard Apparatus) at a flow rate of 0.1 
mL/min. To change the solution, a new PEG solution was injected at a flow rate of 1.0 mL/min 
at the beginning stage for 2 min to completely flush the previous solution from the PDMS cell. 
This was followed by injecting with a normal flow rate of 0.1 mL/min. Transmission spectra 
over a wavelength range of 355-1000 nm were collected throughout the process in order to 
monitor changes in multiple plasmonic responses to changes in surrounding dielectric 
environment.  
2.3.4 Integrated Multispectral Response Calculation 
In quantitative work, we consider both the position and intensity changes that occur in the 
plasmonic features present in the transmission spectrum over the entire range of collected 
wavelengths. The absolute difference values were computed using the differences between 
transmission spectra collected in each PEG solution and the spectrum recorded in pure water. 
These values are subsequently integrated to account for wavelength-dependence of both negative 
and positive changes in spectroscopic intensity using Equation 2.1, a value having units of
%T nm  .        
 (% ( )
wavelength
Integrated response T d    (2.1) 
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2.3.5 Surface-Enhanced Raman Spectroscopy (SERS) Measurements 
A self-assembled monolayer of benzenethiol was deposited on top of the quasi-3D PCs 
by immersing them in a 15 mM benzenethiol ethanol solution for 12 hr, rinsing thoroughly with 
ethanol, and then drying with a stream of nitrogen gas. SERS measurements were made using a 
SENTERRA dispersive Raman microscope (Bruker Optics) with an excitation laser wavelength 
of 785 nm, an excitation power of ~5 mW, focal length of 45 mm and acquisition time of 30 s. 
The Raman spectra were collected over a Raman shift range of 500-1800 cm
-1
. 
2.3.6 Finite-Difference Time-Domain (FDTD) Simulation of Plasmonic Nanostructures 
A set of 3D FDTD simulations were used to model the normal incidence transmission 
spectra in air and water and the electromagnetic field distributions for full-3D PCs. The unit cell 
geometry was defined as an infinite square array of nanostructured holes on a metal film that are 
parallel to the x-y plane with a semi-infinite SOG material under the nanoholes and air above 
them. The unit cell spacing was 2 nm in all three dimensions with a total unit cell size of 
292 292 1200X X XN N N      grid points. The total simulation time for each unit cell was 
100 fs. Perfectly matching uniaxial layers were applied on both sides of the z grid to avoid 
artificial reflection errors from the domain boundaries. Appropriate periodic boundary conditions 
were used to define the square array. The frequency-dependent Au[22] and Ag[46] permittivities 
are described by the Drude-Lorentzian model over a wavelength of 355-1500 nm. The dielectric 
constants for SOG and air were taken to be 1.43 and 1.00, respectively.   
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2.4 Results and Discussion 
2.4.1 Structure and Properties of Bimetallic Plasmonic Crystals 
Periodic nanostructures in metal films have been widely studied as a system to better 
understand the underlying physics of plasmon resonances as well as to develop high-
performance platforms for a variety of SPR applications.[21, 47, 48] Efforts in this field have 
been directed particularly toward the unique optical properties of periodic nanostructures 
because of their capacities for extraordinary optical transmission, visual wavelength 
responsiveness, and high optical sensitivity to changes in the local environment.[49-51] In this 
study, we used square arrays of nanoholes molded into the surface of an inorganic SOG film 
using soft nanoimprint lithography. The SOG supported PC structure affords a chemically and 
thermally stable sub-wavelength optic for SPR sensing and for SERS measurements, as 
discussed in a previous publication.[26]   
The SPRs produced using nanostructured metal films can be easily tuned by adjusting the 
geometric shape, thickness, and composition of the metal film, as well as the surrounding 
dielectric environment. Sputter coating and E-beam evaporation are both widely used tools for 
fabricating metal thin films, however the distribution of the deposited metal film resulting from 
each of the two methods are quite different due to the distinctive deposition characteristics. The 
step coverage of E-beam evaporation in particular is poor since it only offers an essentially 
unidirectional collision of source material atoms with the substrate, which has most of metal 
being deposited on the surface and bottom of the nanoholes. Sputtering, in contrast, is a less-
directional deposition process that conformally coats the entire substrate. We have termed the 
metal nanostructures fabricated by E-beam deposition as quasi-3D structures because the metal 
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disk at the bottom of the nanohole is physically separated from the metal film on the top of the 
SOG substrate, while the PCs with more continuous/conformal metal layers formed by sputter 
deposition are termed full-3D PCs.[37] Figure 2.1 schematically illustrates the metal film 
distribution differences resulting from fabrication using each of these two methods. The 
geometric differences of the metal films on the quasi-3D and the full-3D PCs were characterized 
using cross-section SEM imaging (inset of Figure 2.2). The top view SEM images of PCs in 
Figure 2.2 demonstrate that PCs consist of uniform square arrays of nanoholes with periodicity 
of ~580 nm. Despite the fact that the diameters of embossed SOG nanostructures of both PCs are 
identical at ~380nm, the final diameter of nanoholes in the full-3D PC (Figure 2.2a) appears 
slightly smaller than that of the nanoholes present in the quasi-3D PC (Figure 2.2b) an effect that 
was attributed to differences in sidewall metal deposition resulting from differences in the 
deposition technique used. 
In addition to changing the geometry of nanohole arrays and metal by altering the method 
of depositing the metal film, varying the metal film composition provides an additional means 
through which the optical responses of the PC can be modified.  In this study, we used bimetallic 
layers to engineer the plasmonic responses of the device over a wider wavelength range, here 
exploiting the unique plasmonic modes of Ag in the visible range to supplement and enhance 
those provided by Au. This distinctive PC design further serves to compensate for the chemical 
instability of Ag by coating it with thin films of Au. To explore the variation in function resulting 
from the double layer film structure, we used five different ratios of Ag and Au while 
maintaining a constant overall metal film thickness on the SOG nanohole arrays. The ratios used 
were: 50 nm of Au (Au50), 10 nm of Ag and 40 nm of Au (Ag10Au40), 20 nm of Ag and 30 nm 
of Au (Ag20Au30), 30 nm of Ag and 20 nm of Au (Ag30Au20), and 40 nm of Ag and 10 nm of 
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Au (Ag40Au10). Figure 2.3 presents optical photographs of an entire series of PCs with varying 
compositions of Ag and Au. The sixteen squares (4×4 mm
2
) given on each plasmonic substrate 
exhibit distinctive colors due to light scattering from the nanohole arrays according to different 
design rules, with periodicities ranging from 0.49 to 1.75 μm and corresponding hole diameters 
ranging from 0.17 to 1.12 μm. The color changes seen from the typical color of Au to that of Ag 
follow an intuitive trend as the ratio of Ag in the metal film increases. Metrodological data 
developed using SEM demonstrated a high fidelity of the replicated structure to its imprint  
master, as illustrated in the nearly identical geometry (~340 nm of hole depth, ~380 nm of hole 
diameter, and ~580 nm of hole spacing) of an exemplary pair of PCs shown in Figure 2.2a (full-
3D) and 2.2b (quasi-3D).  
The former structures are ones with particularly useful responses in the visible 
wavelength region of the optical spectrum. This is illustrated by the data present in Figure 2.4, 
which shows the 0
th
-order transmission spectra for six full-3D PCs recorded in air for varying 
ratios of Au and Ag. The variations in the transmission spectra can be attributed to the changes in 
the film compositions (Ag and Au thicknesses). The small discontinuity seen near 800 nm is an 
instrumental artifact, which results from a change of detectors during the scan. In Figure 2.4, the 
largest transmission peak, one spanning the near-infrared (NIR) range, is blue-shifted and its 
intensity decreases as the proportion of Ag in the metal film increases. Across the near UV-
visible regions, enhanced transmission magnitudes and more spectroscopic features are observed 
as the mass-coverage of the Ag increases. The intensity of the characteristic peak for the Au 
surface plasmon resonance (at ~500 nm) is reduced as the proportion of Ag increases, while the 
peak intensity (at ~350 nm) corresponding to the bulk plasmon mode of Ag is enhanced. These 
qualitative trends are more quantitatively described by the results of theoretical modeling.  
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2.4.2 FDTD Modeling 
Finite-difference time-domain (FDTD) calculations provide theoretical understandings of 
how the electromagnetic field interacts with the PC.[52-54] The transmission spectra of the 
periodic nanohole arrays in each of the PCs have multiple optical responses such as localized 
surface plasmon resonances (LSPRs)[28, 55, 56],
 
Bloch wave surface plasmon polaritons (BW-
SPPs)[57, 58], Wood’s anomalies (WAs)[49, 59, 60], or a combination of these features[61]. 
Transmission spectra contributions also originate from the coupling of light directly transmitted 
through the metal film, as well as from the background metal absorption (at ~500 nm for Au and 
~350 nm for Ag). The peaks in the transmission spectra, which correspond to BW-SPPs and 
WAs, are correlated with the periodic structure of the nanoholes arrays, whereas LSPRs can be 
created by specific sub-wavelength-sized features of the metallic structures.  
The appropriate optical constants for each material and the geometrical model of the 
periodic nanohole array are crucial for FDTD modeling because all of the plasmonic modes are 
very sensitive to the structural details and dielectric properties of the environment. The design 
rules for an optimized PC used in our calculations (see below), ones based on experimental 
metrological data were defined as a square array of nanoholes in a layer of SOG with diameters 
of 380 nm, depths of 340 nm, and center-to-center spacing of 580 nm, respectively. The 
dimensions of the metal film above the SOG nanohole arrays were as follows: a top metal layer 
of ~50 nm, bottom metal layer of ~20 nm, and sidewall metal layer of ~15 nm in thickness 
(details are in Figure 2.5). The varying thickness values account for the shadowing effects that 
limit the degree of conformal coverage realized in the sputtering coating metallization step. In 
the calculation, we used a Drude plus two-pole Lorentzian model to obtain the dielectric constant 
of the metal as a function of wavelength.[46, 49] 
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Figure 2.6 presents the experimentally measured and calculated normal incidence 
transmission spectra and electric field distributions around the nanoholes for full-3D PCs with 
Au50 (Figure 2.6a), Ag50 (Figure 2.6b), and Ag30Au20 (Figure 2.6c) mass-coverage metal 
films. The calculations and experimental data shown are for PCs resident in air, and assignments 
for specific features seen in the data are revealed by the calculations.  
The wavelengths of the expected BW-SPPs and WAs can be predicted. BW-SPPs are 
standing waves corresponding to the coherent superposition of propagating SPPs.[57, 58] An 
approximate relation for the allowed wavelength of BW-SPPs on a nanohole array is 
 
2 2
( )
( )
metal d
metal dx y
P
n n
  

  


 (2.2) 
where P is the nanohole lattice spacing, ( )metal  is the wavelength dependent relative dielectric 
constant for metal, and d  is the relative dielectric constant of the dielectric material that 
interfaces with the metal film. BW-SPPs of bimetallic plasmonic crystal are generated at the 
air/gold interfaces ( 1d  for air) and the silver/SOG interfaces ( 1.43d  for SOG). The 
solutions of Equation 2.2 excluding 0x yn n  are shown in Table 2.1, which yield the discrete 
0
th
-order wavelength of the BW-SPPs. Table 2.1 also includes solutions for BW-SPPs 
wavelength for gold/SOG interfaces and air/silver interfaces for mono-layered plasmonic crystals 
(Au50 and Ag50).  
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Table 2.1 Zero-order wavelength of the BW-SPPs (unit of wavelength is nm) 
xn  yn  air/Au Au/SOG air/Ag Ag/SOG 
0 1 611 860 602 857 
0 2 331 
303 
415 
346 
370 
308 
353 
484 
1 1 415 642 449 629 
1 2 316 
305 
384 
- 
356 
453 
2 2 - 
310 
346 
- 
361 
410 
 
The Wood’s anomalies (WAs) are light waves diffracted to propagate in the plane of 
surface.[49, 59, 60]
 
 WAs act in the same fashion as BW-SPPs, but have a very narrow spatially 
extended nature without direct involvement of plasmonic responses. The condition for WAs is  
 
2 2
d
x y
P
n n

 

 (2.3) 
Table 2.2 shows the wavelength of WAs at air/metal and metal/SOG interfaces.  
Table 2.2 Wavelength of the BW-SPPs (unit of wavelength is nm) 
xn  yn  air/metal metal/SOG 
0 1 580.0000 693.5791 
0 2 290.0000 346.7896 
1 1 410.1219 490.4345 
1 2 259.3839 310.1780 
2 2 205.0609 245.2173 
                                                                                  
The largest peak (labeled C in Figure 2.6) is the result of strong LSPR excitations that are 
confined in the nanohole. Fano-like resonances, appearing as peak minima or maxima, are 
correlated with either BW-SPPs or WAs.[22, 61] From the theoretical analysis of BW-SPPs, we 
can verify that the peak minima labeled A in the transmission spectra originate from BW-SPPs. 
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At these wavelengths, the field intensity distributions seen near the interface of the top metal 
layer and air stand in good agreement with the characteristic field distribution expected for BW-
SPPs. Even so, many of the optical features observed in the transmission spectra are likely the 
result of complex interactions of light diffraction and concurrent plasmonic modes. The electric 
field distributions calculated for the wavelength at position B in each of the spectra are examples 
of features involving such couplings of multiple plasmonic modes. The intensity concentrated in 
the nanohole and near the sidewalls, for example, likely corresponds to LSPRs, and electric 
fields located at the metal-air interface are largely due to BW-SPPs and/or WAs.  
The FDTD results (in Figure 2.6) are consistent with the experimental results in terms of 
the dependence of the 0
th
-order transmission spectra as a function of changes in the metal 
overlayer composition (presented in Figure 2.4). The data show, for example, that the peak 
intensities are reduced and the intensity of the transmission maxima (position C) are blue-shifted 
with increasing Ag content. The calculations further demonstrate several BW-SPPs features that 
characterize transmission for the Ag PCs at wavelength around 400 nm, a complexity in the blue 
region expected for Ag as compared with Au. The optical features appearing between 400-600 
nm for the Ag PCs suggest a possibility for a highly sensitive response for such PCs at near-UV 
and visible wavelengths.[62, 63]  
2.4.3 Bulk Refractive Sensitivity of Bimetallic Plasmonic Crystals 
A single resonance peak analysis methodology does not provide a suitable means to 
determine the RI sensitivity of an imaging sensor. For this reason, we employed a multispectral 
protocol to quantify figures of merit (FOM) for sensitivity, as described in earlier reports on 
chemical sensing using PCs as an optic for imaging and spectroscopic detection.[22, 24, 26, 37] 
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Here we used a flow cell design the same as that previously reported to expose the PC to PEG 
solutions of varying concentrations to determine a FOM for its multispectral RI sensitivity. 
Because sensitivities to bulk RI changes have been shown previously to be better for the full-3D 
PC structure compared with quasi-3D counterpart,[37] the transmittance spectra for the former 
over a range of 355-1000 nm were collected as a function of time while PEG solutions of 
different concentration (from 1.4 w% to 5.6 w%) were passed through the flow cell. Integrated 
multispectral RI responses of five full-3D PCs with different mass-coverage metal films were 
measured to investigate and validate the best design rule for the PC for bulk RI sensing.   
To determine an optimal nanohole array for RI sensing in the visible wavelength range 
before considering the effects of mass-fraction in metal thin film on plasmon resonances, we 
performed bulk RI sensing measurements (in Figure 2.7a) and FDTD calculations (in Figure 2.7b) 
using four design rules of nanoholes chosen from sixteen squares on a PC: 580 nm (p580), 780 
nm (p780), 1100 nm (p1100), and 1600 nm (p1600) of periodicity. From the results of bulk 
solution-phase RI sensing (shown in Figure 2.7a), the most sensitive geometry for RI changes 
measured over a wavelength range of 300-800 nm was found to be a nanohole array with ~580 
nm of periodicity and ~380 nm of hole diameter. The FDTD calculation for this structure 
(presented in Figure 2.7b) confirms the physical origin of the bulk RI sensing results, in which 
the p580 Au50 full-3D plasmonic substrates generated the strongest plasmonic features at 
frequencies in the visible range (wavelengths spanning 600-800 nm). From the transmittance 
measurements made in air (shown in Figure 2.4), we can further infer that the shifts of peak 
maxima that occur as a result of changes made in the metal overlayer composition are small if 
nanohole geometries are identical. We therefore selected the p580 nanohole array as a suitable 
exemplar for the bulk RI sensitivity evaluation of bimetallic PCs carried out in this study.  
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Figure 2.8a shows the integrated responses of five full-3D PCs selected for a design rule 
giving optimal RI responses with different metal compositions, here plotted as a function of time. 
Figure 2.8b demonstrates the linear integrated response changes for the Au50 and Ag10Au40 
full-3D PC as a consequence of changes made in the bulk refractive index (RIU) of the 
contacting PEG solutions. The Ag10Au40 full-3D PC exhibits the largest RI sensitivity among 
the five PCs studied (the FOM values measured for these PCs are listed in Table 2.3). From 355-
1000nm, the RI sensitivity for the Ag10Au40 bimetallic PC (45,000 % /T nm RIU  ) is nearly 
~1.41 times that of the Au thin film PC (32,000 % /T nm RIU  ). Higher mass-fractions of Ag in 
the bilayer stack progressively weaken the plasmonic response, as seen in the lower values of the 
FOM.   
Table 2.3 Figure of merit (FOM, % /T nm RIU  ) for PCs with different ratio of Ag and Au 
layer 
Wavelength (nm) Au50 Ag10Au40 Ag20Au30 Ag30Au20 Ag40Au10 
355-1000 32,000 45,000 36,000 29,000 21,000 
  
The transmission spectra measured in water provide an important qualitative insight into 
the varying of the bulk RI sensitivity of the PCs. We note that narrow and high intensity optical 
features are weighted significantly in the multispectral RI responses calculation Equation 2.1 as 
compared to broad and weak transmission features. Figure 2.9a shows transmission spectra of 
PCs measured in water that illustrates these effects. Of particular note are the transmission 
intensity minima (appearing as a sharp feature near of 600 nm and 800 nm) and peak 
transmission maxima (a generally more complex feature appearing above 800 nm). One sees 
here that the full-3D Ag10Au40 PCs, the best system for bulk RI sensing, have the narrowest 
peak minima and the highest transmission feature (seen here at ~900 nm) as the qualitative 
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associations described above prediction. The FDTD results calculated for PCs immersed in water 
do not agree perfectly with the transmission spectra acquired experimentally because the 
mounted PDMS flow cell is not considered in the calculation. They do, however, still affirm the 
intuitive correlations noted above. Considering in this regard the calculated transmission spectra 
in water for the five PCs (shown in Figure 2.9b), one notes that, as predicted, the Ag10Au40 full-
3D PC presents both the narrowest peak minima and highest intensity in the calculated 
transmission.  
2.4.4 SERS Enhancement of Bimetallic Plasmonic Crystals 
Nanohole arrayed PCs are also promising as an easily replicable substrate for SERS. We 
have shown in an earlier report that plasmonic crystals formed on a molded SOG substrate 
provided excellent performance for Raman spectroscopic measurements.[26] In this study, we 
demonstrate that even greater Raman signal enhancements are afforded by using a bimetallic PC 
compared to those offered by a more conventional mono-metallic system. The total double metal 
layer thickness (50 nm) and the SOG nanohole array design rules (580 nm of periodicity and 380 
nm of diameter) used for the SERS measurement are the same as those adopted in the RI 
measurements described above. Optimized thicknesses of Ag and Au metal films on the 
embossed SOG PC were tested using the quasi-3D PC device motif found to be a more suitable 
design for SERS measurement in earlier work.[25] The data present in Figure 2.10 
experimentally confirmed that larger SERS enhancements do in fact result for the quasi-3D PC 
compared to the full-3D design for the bimetallic case as well. Table 2.4 shows the Raman 
intensities measured for each quasi-3D PC as a function of the different Au and Ag thickness 
ratios. As the data reveal, the best SERS enhancement are provided by the Ag40Au10 quasi-3D 
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PC, with a Raman intensity that was ~2.3 times higher than that of a comparable Au coated PC 
(shown in Figure 2.11a).  
Table 2.4 Raman intensity at 1073 cm
-1
 and 1573 cm
-1
 for five different full-3D PCs with 580 
nm of periodicity.  
 Au50 Ag10Au40 Ag20Au30 Ag30Au20 Ag40Au10 
1073 cm
-1
 3133 3395 4461 4845 7095 
1573 cm
-1
 5499 5048 6437 7359 12830 
  
 The major Raman active vibrational modes of benzenethiol are located at 1073 cm
-1
 and 
1574 cm
-1
 (which correspond to Raman shift peaks, relative to the 785 nm laser excitation, at 857 
nm and 896 nm, respectively).[64] Past work has noted an approximate requirement for SERS 
enhancement by a PC is an enhanced electric field following at an optical frequency halfway 
between the laser excitation wavelength (
ex , 785 nm) and the scattered wavelength of the 
Raman active mode of interest.[25, 64, 65]
  
This, then, corresponds to a case for the noted modes 
of benzenethiol where the PC provides maximal transmittance at wavelengths of 821 nm and 840 
nm (the halfway point between 
ex  and Raman ). The experimental transmission spectra of Au50 
and Ag40Au10 quasi-3D PCs measured in air shown in Figure 2.11b qualitatively affirm this 
correlation between the magnitude of the SERS enhancement and the underlying optical 
properties of the plasmonic substrate. 
These correlations are not fully predictive of optimal performances in SERS for a broader 
range of PC design rules. The larger data, for example, specifically show that the p580 PC is not 
the best design rule for SERS measurements and that the optical properties needed to obtain 
optimized performances are more complex and likely application-specific. We have found that 
measurements made using benzenethiol as an exemplary reporter molecule, for instance, signals 
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of a p780 quasi-3D Ag40Au10 PC are higher than those of the p580 quasi-3D Ag40Au10 PC, 
demonstrating an approximately ~1.3-1.8-fold larger enhancement (Figure 2.12a). The general 
correlation of the SERS intensity enhancement with specific features of the transmission 
intensity apparently still retain a useful qualitative character when one notes that the 
experimental results show higher transmission values at 820 nm and 841 nm for the p780 PC as 
compared with the p580 PC case (demonstrated in Figure 2.12b) We believe further work, and 
theoretical guidance, will be required to better understand the associations between optical 
properties and performance noted in these data.     
 
2.5 Conclusions 
The influences of the mass coverage of Ag and Au thin films as well as the geometrical 
parameters of the nanohole array design rules of bimetallic (bilayer) plasmonic crystals were 
experimentally studied through multispectral bulk RI sensing and SERS measurements conjoined 
with insights from theoretical modeling. This work demonstrates the feasibility of Ag/Au 
bimetallic PCs for analytical applications, further establishing that the bimetallic systems 
markedly surpass the quantitative performance of mono-metallic systems previously reported.  
Through the use of FDTD calculations, we verify the nature of the different optical and 
plasmonic features that provide these attributes of performance. An optimized system was 
obtained through careful engineering of the system and analyzing its transmission spectra both 
experimentally and computationally. The methods described here hold additional value in that 
they provide guidance for further optimization of design rules of plasmonic devices to suit 
specific features of analytical applications. More directly, though, the multi-layered bimetallic 
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PC is found to offer great flexibility in terms of case of fabrication and features of performance, 
thereby establishing it as an interesting platform for highly sensitive forms of plasmon-based 
chemical sensing.  
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2.8 Figures 
 
 
 
Figure 2.1 3D and 2D schematic illustration of the full-3D and quasi-3D PCs. To fabricate metal 
films, sputtering was used for the full-3D PC and E-beam evaporating was used for quasi-3D PC. 
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Figure 2.2 SEM images of (a) full-3D and (b) quasi-3D PC with diameters and periodicities of 
~380 and 580 nm. The scale bar corresponds to 5 μm. Inset: cross-sectional SEM image of 
individual nanohole. The scale bar corresponds to 100 nm.   
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Figure 2.3 Optical image of an embossed PCs with different compositions of metal layers: ~50 
nm Au (Au50), ~10 nm Ag and ~40 nm Au (Ag10Au40), ~ 20 nm Ag and ~30 nm Au 
(Ag20Au30), ~30 nm Ag and ~20 nm Au (Ag30Au20),  ~40 nm Ag and ~10 nm Au 
(Ag40Au10), ~50 nm Ag (Ag50). Hole depth is ~340 nm, and hole spacing varies from ~500 nm 
to ~1740 nm.   
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Figure 2.4 Normal incident transmission spectra of five full-3D PCs with different metal 
composition.  
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Figure 2.5 Schematic illustration of an individual nanohole on a full 3D plasmonic crystal used 
for FDTD modeling. For simplicity, we assumed that metal films are uniformly distributed on a 
cylindrical SOG nanohole with a right angle edge.  The full 3D plasmonic crystal with the 
periodicity (P) of hole of 580 nm, hole depth (H) of 340 nm, and diameter of hole (D) of 380 nm 
are used for all FDTD calculation. The sidewall thickness (Tside) for Ag and Au mono-metallic 
plasmonic crystals used in these calculations were slightly different (16 nm for Ag sidewall and 
12 nm for Au sidewall), while thicknesses of top and bottom layers (Ttop=50 nm and Tbottom= 20 
nm) for both plasmonic metal layer were same. We only monitored top layer thickness of metal 
to control thickness of metallic resonant layer without consideration of sidewall thickness.    
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Figure 2.6 Experimental transmission spectra (black), electrodynamic modeling transmission 
spectra (red), and 2D calculated electric field plots corresponding to wavelengths for peaks 
labeled as A, B, and C in the transmission plot of (a) Au50, (b) Ag50 and (c) Ag30Au20 full-3D 
PCs (~380 nm hole diameter, ~ 340 nm relief depth, ~ 580 nm hole spacing, ~50 nm top metal 
layer, ~20 nm metal sidewall, and ~15 nm bottom metal layer)  
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Figure 2.7 (a) Integrated multispectral responses of full 3D plasmonic crystals with different 
periodicity of nanohole arrays (~ 580 nm, ~780 nm, ~1100 nm, and ~1600 nm periodicities) to 
injections of increasing concentration of aqueous PEG solutions (from 1.4 w% to 5.6 w%). 
Transmittance changes as a function of time were collected over a wavelength range of 300-800 
nm. (b) Normal incident transmission spectra of full 3D plasmonic crystals with different 
periodicity of nanohole arrays used in bulk refractive index sensing. 
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Figure 2.8 (a) Integrated multispectral responses of five full-3D PCs with different metal 
composition to injections of increasing concentration of aqueous PEG solutions (from 1.4 w% to 
5.6 w%). Transmittance changes as a function of time were collected over a wavelength range of 
355-1000 nm. (b) Linear change in average integrated response with refractive index change on 
Au50 and Ag10Au40 full-3D PCs. 
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Figure 2.9 (a) Left: experimental transmission spectra in water of five full 3D plasmonic crystals 
with different metal compositions. Right: Magnified view of the transmission spectra of Au50 
and Ag10Au40 full 3D plasmonic crystals over a wavelength range of 500-1000 nm. (b) FDTD 
calculated transmission spectra in water of the full 3D plasmonic crystals with five different 
metal compositions. Right: Magnified view of the transmission spectra of Au50 and Ag10Au40 
full 3D plasmonic crystals over a wavelength range of 500-1000 nm. 
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Figure 2.10 (a) SERS spectra of benzenethiol adsorbed onto full 3D and quasi 3D Ag40Au10 
plasmonic crystals measured with laser power of ~5 mW. (b) SERS spectra of benzenethiol 
adsorbed onto full 3D and quasi 3D Au50 plasmonic crystals measured with laser power of ~5 
mW. 
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Figure 2.11 (a) SERS spectra of benzenethiol adsorbed onto Au50 and Ag40Au10 quasi-3D PCs 
measured with laser power of ~5 mW. (b) Experimental transmission spectra in air for Au50 and 
Ag40Au10 quasi-3D PCs used to collect the Raman spectra in (a). The locations of the laser 
excitation and Raman peaks are marked as 
ex , 1Raman , and 2Raman , respectively. 
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Figure 2.12 (a) SERS spectra of benzenethiol adsorbed onto Ag40Au10 quasi 3D plasmonic 
crystals with ~580 nm and ~780 nm of periodicity measured with laser power of ~5 mW. (b) 
Experimental transmission spectra in air for Ag40Au10 quasi 3D plasmonic crystals with ~580 
nm and ~780 nm periodicity used to collect the Raman spectra in (a). The locations of the laser 
excitation and Raman peaks are marked as ex , 1Raman , and 2Raman , respectively. 
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CHAPTER 3 
QUANTITATIVE REFLECTION IMAGING OF FIXED APLYSIA 
CALIFORNICA PEDAL GANGLION NEURONS ON NANOSTRUCTURED 
PLASMONIC CRYSTALS  
 
The majority of the text and figures included here is reproduced with permission from the 
previously published paper: A-P. Le, S. Kang, L. B. Thompson, S. S. Rubakhin, J. V. Sweedler, 
J. A. Rogers, R. G. Nuzzo, “Quantitative Reflection Imaging of Fixed Aplysia californica Pedal 
Ganglion Neurons on Nanostructured Plasmonic Crystals”, J. Phys. Chem. B., 2013, 117 (42), 
13069-13081. Copyright 2013, American Chemical Society. 
 
3.1 Abstract 
Studies of the interactions between cells and surrounding environment and their 
responses to distinct chemical and physical cues are essential to understanding the regulation of 
cell growth, migration, and differentiation. In this work, we demonstrate capability of label-free 
optical imaging technique - surface plasmon resonances (SPR) - to investigate quantitatively the 
relative thickness of complex biomolecular structures using a nanoimprinted plasmonic crystal 
and laboratory microscope. Polyelectrolyte films of different thicknesses deposited by layer-by-
layer assembly served as the model system to calibrate the reflection contrast response 
originating from SPRs. The calibrated SPR system allowed quantitative analysis of the thickness 
of region of the interface between the cell culture substrate and cellular membrane regions of 
fixed Aplysia californica pedal ganglion neurons. Bandpass filters were used to isolate spectral 
regions of reflected light with distinctive image contrast changes. Combining of the data from 
images acquired using different bandpass filters leads to increase image contrast and sensitivity 
to topological differences in interface thicknesses. This SPR-based imaging technique is 
restricted in measurable thickness range (~100-200 nm) due to the limited plasmonic sensing 
volume, but we complement this technique with an interferometric analysis method. Described 
here simple reflection imaging techniques show promise as quantitative methods for analyzing 
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surface thicknesses at nanometer scale over large areas in real-time and in physicochemical 
diverse environments.   
 
3.2 Introduction 
Quantitative investigations of cell structure and cell-substrate interactions are important 
in understanding mechanisms and dynamics of cell growth.[1-7] Two-dimensional optical 
imaging is widely performed to study structural and biological processes of cells. Bright field 
microscopy is a standard and extensively used optical imaging technique. It has the limitation, 
however, of low imaging contrast and resolution.[8] Phase contrast microscopy (PCM)[9] and 
differential interference contrast microscopy[10, 11] have been developed to increase the contrast 
and resolution of images without cell staining with different dyes. Unfortunately, both methods 
create distortions around the edges of the sample due to halo effects[12] and require complicated 
adjustments to the microscope’s condenser and phase contrast. Fluorescence microscopy is a 
tremendously important technique — one well suited to studying specific structures or processes 
within cells by detecting naturally fluorescent compounds or tagging molecules of interest with 
fluorophores such as small organic dyes or quantum dots.[5, 13, 14] Through careful choice of 
fluorophores, multiple structures can be tagged and visualized simultaneously, but a primary 
difficulty of using fluorescent labels is their introduction and detection without altering the 
physiological and morphological parameters of live cells.[15-17] 
While these two-dimensional imaging techniques provide useful information about cells, 
their data is ultimately a projection of a three-dimensional image with a deficiency of 
information along the z axis. Scanning confocal microscopy[5, 18] and spinning disk confocal 
microscopy[19, 20] lift this constraint and allow creation 3D images of cells by acquiring in-
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focus 2D optical slices from several depths within a sample and then reconstructing a 3D 
composite image. These methods, while extremely powerful, have inherent limitations that stem 
from diffraction and fluorescence saturation, and protocols for fluorescently labeling cellular 
structures often require extensive optimization.[21] Digital holographic microscopy provides 
label-free and quantitative phase contrast images by digitally recording the light wavefront from 
the object under investigation as a hologram and calculating the object images using a numerical 
reconstruction algorithm.[22] Spatial light interference microscopy combines PCM and 
holography to measure structures and dynamics in cells via interferometry: PCM is able to 
measure the intrinsic contrast and holography renders quantitative phase maps.[23] While these 
techniques are capable of three-dimensional imaging, they require complex and highly 
demanding setups and data processing.  
An alternative to optical imaging systems, atomic force microscopy (AFM) can be used 
to directly map the topography of a surface with feature heights ranging from angstroms to 
micrometers.[24-26] The relatively long acquisition time needed to collect AFM data is, 
however, a major drawback to monitoring dynamics in real time. Live cells, which are soft, can 
also be physically damaged during data acquisition due to physical contact between the moving 
AFM tip and the sample. More significantly, though, the interfaces formed by cell-substrate 
contacts are generally inaccessible to study by AFM.  
Surface plasmon resonance (SPR) imaging is a label-free and highly sensitive method for 
studying interactions occurring between a substrate and a biological sample. SPRs are coherent 
oscillations of electron density at the interface of a metal and a dielectric, which generate an 
evanescent electric field that decays exponentially within ~100-200 nm from the surface of the 
metal.[27-30] The optical sensitivity of SPR to changes in refractive index and layer thickness 
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within the sensing volume has been exploited in biological-sensing, providing both qualitative 
and quantitative data in real-time without requirements for external labeling.[31-35] It is 
particularly well suited for studying the effect of substrate interactions on cellular morphology 
and growth. SPR-imaging studies have demonstrated both refractive index mapping and 
thickness profiling of cell-surface contacts.[36-38] Many current SPR-imaging techniques, 
however, require relatively complex optical alignment schemes because they utilize a prism to 
couple polarized light into a flat gold film.[27, 31, 35, 39]  
Nanostructured grating-based systems represent, in principle, a simple platform design 
for quantitative SPR-imaging, one capable of high spatial resolution arising from the excitation 
of localized surface plasmon resonances (LSPRs).[29, 40-45] We have previously demonstrated 
plasmonic imaging with molecular scale sensitivity in white light using nanohole plasmonic 
crystals fabricated by nanoimprint soft lithography, a common laboratory microscope, and a 
charge-coupled device (CCD) camera.[46] The quantitative optical responses of this plasmonic 
crystal system in air as a function of thickness (up to ~90 nm thick of material immediately 
adjacent to metal surface) were characterized in these earlier studies.[42] 
We extend this method in the present work to the imaging of complex biological surface 
structures, explicitly treating within FDTD theoretical simulations the use of the wavelength 
dependence as a means to enhance image contrasts and film thickness sensitivities via the 
quantitative analysis of multispectral plasmonic reflection images collected using bandpass 
filters. We carried out companion experimental studies using a model full 3D plasmonic crystal 
with high analytical sensitivity for quantitative imaging in white light, enhancing its responses 
using multispectral measurements. The multispectral image contrasts were calibrated against 
polyelectrolyte layer-by-layer assemblies with well-defined thicknesses and applied to quantitate 
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the thicknesses of peripheral structures of Aplysia pedal neurons cultured and fixed on the 
surface of a nanostructured plasmonic crystal. We further describe how non-plasmonic optical 
effects revealed in these multispectral images can be used to extend the described quantitative 
optical measurements to structural features of a cell that are thicker than the plasmonic sensing 
volume. 
 
3.3 Experimental Materials and Methods 
3.3.1 Materials 
Reagents were used as received without further purification unless otherwise specified.  
Spin-On-Glass (Accuglass 314) was purchased from Honeywell and was filtered through 0.02 
μm syringe filters (Whatman Anotop 10) immediately before use. Photocurable polyurethane 
(NOA 73) was purchased from Norland Products. Polydimethylsiloxane (soft PDMS; Sylgard 
184, Dow corning) was made in a 10:1 ratio of PDMS base with curing agent. Hard PDMS 
components: poly(25-30% methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), poly(7-8% 
vinylmethylsiloxane)-(dimethylsiloxane), (VDT-731), Platinum divinyltetramethyldisiloxane 
(SIP6831.1) and (1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (7900) were 
purchased from Gelest. Manganese chloride tetrahydrate, poly(sodium 4-styrenesulfonate ) (PSS, 
MW = 70,000 g/mol), poly(allylamine hydrochloride) (PAH, MW = 70,000 g/mol), and 4,4’-
dithiodibutyric acid (DTBA) were purchased from Sigma-Aldrich. Ultrapure water (18 MΩ) was 
generated using a Millipore Milli-Q Academic A-10 system and used to prepare the 
polyelectrolyte solutions. 
3.3.2 Plasmonic Crystal Fabrication via Soft Nanoimprint Lithography 
Full 3D plasmonic crystals were fabricated using soft nanoimprint lithography as 
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previously reported.[29, 41-45] Briefly, a composite hard-PDMS/soft-PDMS was cast from a 
patterned photoresist master with an array of nanohole relief structures and used to mold a 
replica master in spin-on-glass (SOG). An additional composite PDMS stamp was then cast from 
the SOG master and subsequently used to fabricate the plasmonic crystals used in this study; a 
schematic illustration of the nanoimprinting process is presented in Figure 3.1. A photocurable 
polyurethane polymer (NOA) was drop cast onto a glass side, and the second PDMS stamp was 
pressed into the liquid pre-polymer and then exposed to ultraviolet light (UVOCS UV-ozone 
cleaning chamber) for 5 min to cure the polyurethane. The stamp was peeled away from the 
patterned polymer structure, and the embossed polymer was cured at 65 °C overnight. The 
replicated nanostructures were a well-defined square array of nanowells with a hole spacing 
(center to center) of ~740 nm, a hole diameter of ~460 nm, and a relief depth of ~300 nm (SEM 
image of nanoholes were shown in Figure 3.2a). An adhesion layer (5 nm TiO2) and a metal layer 
(32 nm gold) were sputtered onto the relief structure (AJA international, 5 mTorr argon) to 
complete the plasmonic crystal fabrication.  
3.3.3 Growth of Polyelectrolyte Layer-by-Layer Assemblies on Gold Films 
Polyelectrolyte layer-by-layer assemblies were grown on the surface of the plasmonic 
crystals and on gold-coated silicon wafers following previously reported procedures.[42, 47] A 
small drop of NOA was applied to one corner of the plasmonic crystal and cured to block a 
region of the plasmonic crystal from adsorption of the polyelectrolyte film. Carboxyl-terminated 
self-assembled monolayers were formed on the gold film surface by immersing the substrate in 
ethanolic solutions of DTBA (33 mM) for 24 h, after which the gold films were rinsed 
thoroughly with ethanol and dried with nitrogen gas. The thiol end-group of DTBA helped to 
anchor itself on the gold surface and the negatively charged carboxylic acid end-group served as 
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the initial layer to electrostatically attract the positively charged PAH. Layers of PAH and PSS 
were alternately adsorbed onto the surface to build up the polyelectrolyte assembly. The 
substrates were immersed in a PAH solution (3 mg PAH/mL in water, pH = 8.0) for 5 min, rinsed 
thoroughly with water and dried with nitrogen gas. The substrate was then immersed in a PSS 
solution (3 mg PSS/mL in 1M MnCl2, pH = 2.0) for 90 s, rinsed with water and dried with 
nitrogen gas. Each round of polyelectrolyte deposition consisted of the adsorption of one PAH 
and one PSS layer, and reflection images and ellipsometry measurements were collected after 
each round of polyelectrolyte depositions. 
3.3.4 Ellipsometry of Polyelectrolyte Layer-by -Layer (LBL) Assemblies 
 The thicknesses of polyelectrolyte LBL assemblies grown on gold-coated pieces of 
silicon were measured using a Woollam VASE spectroscopic ellipsometer using 50° and 70° 
incident angles; data were collected over a wavelength range of 400-900 nm. The polyelectrolyte 
layer was modeled as a Cauchy material with parameters An = 1.61, Bn = 0.01, Cn = 0 such that 
the modeled refractive index at 630 nm was 1.635.[42, 47] The equivalent thickness for a 
refractive index-corrected material corresponding more closely to a protein film was modeled 
from the spectroscopic ellipsometry data by substituting the polyelectrolyte layer in the model 
for a layer modeled as a Cauchy material with parameters An = 1.47, Bn = 0.01, Cn = 0 
corresponding to a refractive index n = 1.495 at 630 nm.[48, 49] 
3.3.5 Cell Culture of Aplysia californica Pedal Ganglion Neurons 
Sea slug Aplysia californica (100-300 g) were supplied by the National Resource for 
Aplysia (Miami, FL) and kept in circulated, aerated seawater at 14°C. Prior to dissection, the 
animals were anesthetized by injection of isotonic magnesium chloride solution into the body 
cavity (~30-50% of body weight). Individual Aplysia pedal neurons were isolated after 
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incubation in artificial sea water (ASW; (in mM) 460 NaCl, 10 KCl, 10 CaCl2, 22 MgCl2, 26 
MgSO4, and 10 HEPES, pH 7.7) supplemented with proteases (1% type XIV, Sigma-Aldrich) at 
34 °C for 60-120 min.[50, 51] Aplysia neurons can be grown on a variety of substrates assuming 
correct surface chemistry is present and had no difficulties growing on the plasmonic crystal 
surface.[52-54] A poly-L-lysine layer was formed on the plasmonic crystal surface, and the cells 
were mechanically isolated in ASW, transferred onto the plasmonic crystal surface immersed in 
ASW supplemented with antibiotics (ASW containing 100 units/ml penicillin G, 100 mg/ml 
streptomycin, and 100 mg/ml gentamicin, pH 7.7) and left to attach and grow overnight at room 
temperature. Six to eight pedal ganglion neurons were sparsely cultured on the plasmonic crystal 
surface at a time.  Cells were fixed by addition of 1 mL of 4% paraformaldehyde to 3 mL ASW 
antibiotic culture media and occasional stirring for 30 s, removal of 1 mL of the solution, 
addition of another 1mL of the 4% paraformaldehyde solution and exposure for 30 s, followed 
by the removal of all solution. After removal of the fixation solution, the cells were rinsed with 
deionized water and dried.  
3.3.6 Reflection Mode Plasmonic Imaging 
Reflection mode images of both the polyelectrolyte films and cells cultured on the 
plasmonic crystal surface were obtained using an Olympus AX-70 upright microscope with a 
halogen light source and a 20×, 0.40 NA objective lens. A frosted glass filter was placed 
immediately in front of the light source to homogenize the incident illumination. The plasmonic 
crystal was turned upside-down so that light would be incident first on the glass substrate of the 
plasmonic crystal and then propagate to the nanostructured metal surface. Bandpass filters (500-
550 nm, 525-100 nm, 570-600 nm, 570-1000 nm, and 610-700 nm) were purchased from Omega 
Optical and inserted in front of the microscope camera. Images were captured using an Optronics 
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Magnafire charge-coupled device camera (1280 × 1024 array of pixels, each pixel 6.7 × 6.7 μm). 
The halogen lamp intensity was varied to control the overall exposure. Grayscale images were 
acquired using individual exposure times of 750 ms with fifteen consecutive images averaged 
together. Image processing and contrast calibration was performed using Matlab and ImageJ.  
Vignetting in the reflection images was corrected using images of a silver mirror acquired 
with each bandpass filter. A Gaussian blur (100 pixel radius) was applied to the reference mirror 
image to remove blemishes and debris in the image, and the reference image was normalized by 
dividing each pixel by the averaged pixel intensity in the image.[55] Vignetting in the 
polyelectrolyte layer and cell images was corrected using a pixel-by-pixel division of the 
experimental image by the blurred mirror reference image obtained with the corresponding 
bandpass filter.  
3.3.7 Atomic Force Microscopy and Scanning Electron Microscopy of Cells on Plasmonic 
Crystals 
Atomic force microscopy (AFM) height profiles of Aplysia neurons cultured on the 
surface of the plasmonic crystal were measured using an Asylum Research MFP-3D atomic force 
microscope operated in tapping mode. Analysis of the data, including the Fast Fourier Transform 
filtering, was performed using IgorPro. Scanning electron microscope (SEM) images of Aplysia 
neurons cultured on plasmonic crystal were acquired using a JEOL 6060-LV scanning electron 
microscope operated under high vacuum. A thin layer of Au/Pd was sputtered onto the plasmonic 
crystal and Aplysia neuron after all other analyses were completed to make the sample 
electrically conductive for SEM imaging.   
3.3.8 Finite-Difference Time-Domain (FDTD) Simulations of Plasmonic Nanostructures 
3D FDTD simulations were carried out to model the zero-order reflection spectra (with 
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light normally incident on the glass substrate) and their dependence on the polyelectrolyte layer 
thickness. The unit cell grid spacing was 4 nm in all three dimensions with a total unit cell size of 
187×187×600 grid points. The unit cell geometry defined a gold nanohole in the x-y plane with a 
740 nm center-to-center hole spacing, 456 nm hole diameter, 292 nm relief depth, 32 nm Au film 
on the top surface of the plasmonic crystal, 12 nm Au film conformally coating the nanohole 
sidewalls, and 12 nm Au film on the bottom of the nanoholes. Periodic boundary condition in x 
and y axis generated an infinite square array, and uniaxial perfectly matched layers were 
incorporated on the top and bottom surfaces of the unit cell to minimize the effects of unintended 
reflection from the domain boundaries. The frequency dependent dielectric constant of gold was 
modeled using previously reported parameters from a Drude plus two-pole Lorentzian 
model.[36] The refractive indices of NOA, polyelectrolyte, refractive index-corrected material, 
and air were taken to be 1.56, 1.64, 1.50, and 1.00, respectively. 
 
3.4 Results and Discussion 
3.4.1 Plasmonic Crystals and Biological System Model 
We examined a model biological system, pedal ganglion neurons isolated from Aplysia 
californica central nervous system and cultured on a plasmonic crystal. We provide a 
quantitative analysis of the cell peripheral structural features. Specifically, residual structures 
associated with the growth cones and cytoplasmic extensions mediating neurite development 
using contrasts observed in multispectral images. The analytical method described here offers a 
proof of principle for analytical method that can be applied more broadly in reflection mode 
imaging studies of complex biological systems. We conducted these studies using a full 3D 
plasmonic crystal (shown in Figure 3.2) that past work demonstrated possesses molecular 
90 
 
sensitivity in imaging mode analyses performed in white light.[46] Work was done on the square 
array of embossed nanoholes (460 nm diameter, 300 nm depth, 740 nm pitch) conformally 
coated with 32nm of Au (Figure 3.2a). We begin the discussion by establishing first the means by 
which plasmonic crystal image contrasts can be measured and quantitatively interpreted within 
an experimentally validated theoretical model. We follow this by showing an exemplary 
application of measurements made of plated cells that were fixed after various periods of growth.   
3.4.2 Reflection Imaging Contrast Calibration 
Polyelectrolyte films comprised of PAH and PSS were assembled on the surface of the 
plasmonic crystal via layer-by-layer self-assembly.[42, 47] The films were measured to calibrate 
the reflection contrast changes associated with changes in film thickness. Spectroscopic 
ellipsometry was used to determine the thickness of dried polyelectrolyte films which were 
simultaneously deposited onto gold-coated silicon wafer pieces under identical conditions. The 
results showed that the thickness of the polyelectrolyte assemblies increases by 3.02 ± 0.38 nm 
for each PAH/PSS deposition step.   
The optical response of the plasmonic crystal is influenced by the local refractive index 
environment and the thickness of the dielectric above the metal surface. For this reason, imaging 
mode contrast calibrations made using LBL films may complicate quantitative analyses of 
biological materials due to their markedly different optical properties: the refractive index (n) of 
the polyelectrolyte is ~ 1.64[42, 47] and that for a biological specimen being more typically is 
~1.35-1.5[48, 49]. Ellipsometry, which is sensitive to both layer thickness and refractive index, 
was used to measure the thicknesses of the polyelectrolyte films and to determine the thickness 
required for a film with a refractive index more appropriate for biological materials with high 
organic content (n ~ 1.50) to exhibit similar ellipsometric behavior.  For clarity, we operate with 
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a refractive index-corrected thickness for the biological samples (θ), which corresponds to that 
thickness determined through ellipsometric modeling. Figure 3.3 presents the corresponding 
pairs for polyelectrolyte and index-corrected thicknesses.  
The validity of the ellipsometric thickness reference conversion was evaluated using 
finite-difference time-domain (FDTD) calculations. Figure 3.4 presents the calculated reflection 
spectra for a plasmonic crystal coated with a conformal layer of either polyelectrolyte or the 
equivalent index-corrected material representing the biological material of fixed cells. These data 
clearly demonstrate the suitability of a single optical data set from the polyelectrolyte LBL 
assemblies as a calibration reference. The nearly identical reflection spectra show excellent 
correspondence between the optical properties of the polyelectrolyte and the index-corrected 
material. The small discrepancies between the spectra likely stem from limitations in the 
computational model as the equivalent index-corrected thickness was not an exact multiple of the 
modeled grid spacing of 4 nm.   
Reflection images of polyelectrolyte LBL films deposited on the plasmonic crystal 
surface were acquired with bandpass filters inserted immediately in front of the CCD camera. 
The plasmonic crystal was imaged from the reverse side, and a representative image is presented 
in Figure 3.5a. To correct for variation in illumination intensity between images, a drop of 
photocurable polyurethane (NOA) was deposited and cured on one corner of plasmonic crystal 
surface. This NOA-covered region (labeled as NOA in Figure 3.5a) was blocked from 
subsequent polyelectrolyte depositions, creating a region where the surface refractive index 
profile remained constant. The region marked LBL in Figure 3.5a denotes the area where the 
polyelectrolyte was deposited. The dot boxes drawn on the Figure 3.5a illustrate where the 
average pixel intensity was calculated for the NOA and LBL regions. The normalized pixel 
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values for LBL region in images taken of the each LBL deposition were scaled according to the 
following relationships. In the first, the average pixel intensity values for the polyelectrolyte-free 
NOA regions in all images were equated according to Equation 3.1:   
  
 
 
Reference NOA average
Scaled LBL average = Image LBL average
Image NOA average
  (3.1)                      
The normalized reflection contrast was calculated using the scaled average pixel intensity of the 
LBL regions according to Equation 3.2: 
 
[scaled LBL average] - [reference LBL average]
Normalized reflection contrast = 
[reference LBL average]
 (3.2) 
where the reference average is defined as the average pixel intensity of the reflection image for 
the plasmonic crystal before the LBL deposition. Use of the scaled LBL average pixel values 
corrects for differences in illumination intensity between images, while the normalized reflection 
contrast expresses the relative reflection contrast change of the LBL region as compared to the 
reference LBL average pixel intensities. This normalized reflection contrast value may be 
positive or negative, corresponding to reflectivity higher or lower than the reference condition.  
To demonstrate the contrast difference between the polyelectrolyte and polyelectrolyte-
free regions and to estimate the lateral resolution of the optical system, Figure 3.5b shows the 
step-edge profile for the normalized reflection contrast along the yellow arrow shown in Figure 
3.5a. A step function was convolved with a Gaussian function and iterated in width to match the 
observed behavior of the reflection contrast.[41] The resultant fit (red line, as presented in Figure 
3.5b) shows that the data can be well modeled with a limiting lateral resolution of 1.0 µm.  This 
value is only slightly larger than the spatial resolution limit of the microscope optics and camera 
at this magnification, ~0.67 µm.   
While the center-to-center spacing between holes is ~740 nm, depending on the optical 
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alignment, a single pixel in the image of the plasmonic crystal may overlap part of one or several 
nanoholes. It is reasonable that the reflectivity may not be identical between the top and bottom 
surfaces of the nanohole, and the pixel intensity could vary somewhat due to differences in 
nanohole coverage. All the same, we noted no particular patterns appearing in histograms of the 
pixel intensities in the calibration images.  
The normalized reflection contrast (NRC) change as a function of refractive index-
corrected thickness is presented in Figure 3.6. The reflection contrast becomes more negative as 
the surface layer thickness (θ) increases when a 500-550 nm bandpass filter is used, while the 
reflection contrast becomes more positive when imaged using a 525-1000 nm bandpass filter.  
These experimental data demonstrate a ‘contrast inversion’ in which the reflection intensity 
changes increase or decrease depending on the wavelengths used. Because a simple linear 
regression is more adequate to mathematically interpret this experimental behavior, linear 
regressions were calculated for both wavelength ranges: NRC = − 0.00224θ + 0.03183 for the 
500-550 nm bandpass filter (black line in Figure 3.6), and NRC = 0.00085θ + 0.01872 for the 
525-1000 nm bandpass filter (red line in Figure 3.6). More complex reflection contrast behaviors 
were observed at other wavelength ranges. Using a 570-1000 nm bandpass filter, for example, a 
non-monotonic dependence is seen in which the reflection contrast initially increases as the 
surface layer thickness increases but then reverses and begins to decrease as the coverage was 
further incremented. This complexity is attributed to that of the underlying surface plasmon 
modes and their changes in response to changes in the refractive index profile of the adsorbed 
material on the plasmonic crystal surface.  
Additional FDTD calculations were performed to determine changes in the optical 
responses of the plasmonic crystal with increasing polyelectrolyte thickness. Figure 3.7a presents 
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the theoretically calculated reflection spectra for a plasmonic crystal of the experimental 
geometry as the thickness of polyelectrolyte was changed. These spectra demonstrate a complex 
behavior akin to that seen in the reflection imaging contrast calibrations. Some wavelength 
ranges (e.g. ~675-770 nm) exhibit a decrease in reflectance with thicker polyelectrolyte films 
while the opposite trend is observed at other wavelength ranges (e.g. ~770-820 nm). These trends 
are similar to those seen in experiment.   
For comparison, the simulated reflectance spectra for polyelectrolyte films on flat gold 
surfaces are presented in Figure 3.7b.  Above ~530 nm, the reflectance intensity decreases nearly 
monotonically as the polyelectrolyte layers thickness increases, although the magnitudes of the 
reflectance changes do exhibit a dependence on wavelength. This flat film modeling accounts for 
Fresnel effects associated with light interacting with and passing through boundaries between 
layers with different refractive indices but otherwise lack plasmonic properties. The absence of a 
wavelength dependent ‘contrast inversion’ for this flat film akin to that observed experimentally 
points towards surface plasmon resonances as the origin of the latter effects.   
It is important to note that the results presented in Figure 3.7 were obtained from 
simulations in which the illumination was normally incident to the surface. The reflection images 
obtained experimentally used an objective lens with a numerical aperture of 0.40, corresponding 
to a cone of illumination with a maximum angle of ~23°. This is significant because the spectral 
properties of the plasmonic crystal are known to depend on illumination angle.[40] While the 
computational modeling performed here offers insight into the complexity behind the observed 
reflection behavior, a more complete theoretical understanding will require simulations that 
incorporate those oblique illumination angles, which is not currently possible within our FDTD 
code.  
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3.4.3 Reflection Imaging of Fixed Aplysia Pedal Ganglion Neurons on Plasmonic Crystals 
To explore the quantitative features of SPR-based reflection imaging of a complex 
biological specimen, Aplysia pedal ganglion neurons were cultured on the surface of a plasmonic 
crystal (shown in Figure 3.8). Figures 3.8a and Figure 3.8b present reflection images of a 
representative fixed neuron cultured on a nanostructured plasmonic crystal surface, while Figure 
3.9a and Figure 3.9b present images of a cell cultured on a flat gold surface. A visual comparison 
of the images collected using a 500-550 nm bandpass filter (Figure 3.8a and Figure 3.9a) and a 
525-1000 nm bandpass filter (Figure 3.8b and Figure 3.9b) clearly reveals differences in contrast, 
including its inversion, in a manner predicted by the computational modeling. The peripheral 
regions of the fixed neurons on flat gold appear darker than the surrounding area in both the 500-
550 nm and 525-1000 nm images, while the analogous regions of the cell grown on the 
plasmonic crystal show an inversion in contrast where the peripheral region appears darker than 
the surrounding area in the 500-550 nm image but lighter than the surrounding area in the 525-
1000 nm image. 
These fixed neurons have features that range in thickness from tens of nanometers to 
several microns. As surface plasmon effects are generally sensitive to refractive index profile 
changes only within ~100-200 nm from the metal surface, many of the features seen in the 
images of Figure 3.8 must have other origins. The neuron’s body (especially the several tens of 
microns thick regions) on the plasmonic crystal appears dark and possesses circumferential 
bright fringes in the reflection images. These are likely the result of a convolution of various 
optical phenomena, including: light absorption, reflection, and scattering by cellular structures; 
surface plasmon-mediated reflection; and interference effects. To highlight the plasmonic 
resonance phenomena manifested in the images of Figure 3.8, we focus only on those features 
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whose dimensions are within the range where the linear regression of optical response as a 
function of thickness is valid (i.e. ~80nm from the surface).[42]  
 The calibration between reflection contrast and index-corrected thickness presented in 
Figure 3.6 were applied to the reflection images shown in Figure 3.8a and Figure 3.8b to 
determine the thicknesses of the regions of the fixed Aplysia pedal neurons behaving as thin 
films. The normalized reflection contrast was calculated pixel-by-pixel in the cell image using an 
empty area with no apparent features immediately adjacent to the cell as the reference reflection. 
The normalized reflection contrast was then transformed mathematically to an index-corrected 
material thicknesses value using the appropriate regression equation corresponding to the 
bandpass filter used to acquire the original image. These thickness-transformed cell images are 
presented in Figure 3.8c (for the 500-550 nm bandpass filter) and Figure 3.8d (for the 525-1000 
nm bandpass filter).  
In calculating the thickness transformations, the normalized reflection contrast values 
were restricted to 𝜃  lying between 0 and 80 nm. Pixel values outside of this range were 
truncated, resulting in regions of the image being saturated at either the minimum or maximum 
reflection contrast value. Because the soma has a thickness significantly larger than the 
plasmonic sensing volume, the thickness estimates of these regions are clearly invalid. Therefore, 
the analysis performed in this work focuses instead on the thinner neurite outgrowths and growth 
cone regions which are arguably more interesting in the study of cell growth on the substrate. 
Images from both wavelength regions reveal a sparse film of material in this region with a 
thickness of ~30 nm and string-like filaments with thicknesses of ~60 nm. We describe origins 
for these features in sections that follow.  
 We note that ‘empty’ regions in the image (with no apparent cell structures) actually have 
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a thin film of poly-L-lysine, which had been applied to the plasmonic crystal surface to improve 
the biocompatibility of the substrate. The contributions of this poly-L-lysine layer to the 
estimated thickness can be neglected, however, because its thickness is accounted for when 
calculating the normalized reflection contrast. 
 The reliability of the thickness evaluation protocol can be evaluated via the self-
consistency of the estimates of film coverage obtained using different bandpass filters. Figures 
3.8e and 3.8f demonstrate identical thickness profiles (𝜃) along the white arrows on cell images 
obtained using the 500-550 nm and 525-1000 nm bandpass filters, respectively. The effect of 
truncating the contrast values in the image prior to applying thickness transformation is 
particularly apparent in the line profile for the 525-1000 nm image (in Figure 3.8f) where many 
pixels were assigned a thickness of zero. Despite the truncation in the 525-1000 nm image, good 
agreement is observed for the height of the filament feature at position X ~ 40 μm which both 
wavelength ranges assign a thickness of ~60 nm. Good correspondence is also observed for the 
feature at X ~ 110 μm where the surface feature thickness is approximately ~50 nm. However, 
the agreement between the two images is poorer for features with smaller values; for example, 
small features were not observed in the 500-550 nm image as in the 525-1000 nm image between 
X ~ 50-90 μm. This discrepancy may result from the relatively coarse linear regressions applied 
to the calibration imaging data, which may underestimate or overestimate the contrast change in 
particular thickness ranges. Using a more finely-grained regression analysis or more complex 
mathematical fits would be expected to yield improved consistency between wavelength regions. 
Alternatively, as discussed in sections that follow, multispectral image contrasts can be 
calculated from the component bandpass filter data that provide greatly enhanced capabilities for 
quantitative imaging.  
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3.4.4 Atomic Force Microscopy (AFM) Height Profiles  
 In addition to comparing profiles measured using different bandpass filters, atomic force 
microscopy (AFM) imaging was performed as an independent verification of the height profiles 
of the fixed neuron cells structures calculated using data from reflection plasmonic imaging. 
Representative AFM data are presented in Figure 3.10a, with a three-dimensional representation 
of the AFM data shown on Figure 3.10b.  These images reveal a periodic modulation which 
arises from the underlying nanohole array that comprises the plasmonic crystal. The periodic 
modulation from the underlying substrate is not observed in the reflection images because the 
individual nanoholes (~460 nm in diameter) are smaller than the length scales resolved by the 
camera at this magnification (~670 nm) and the likely ‘smearing’ due to the comparable length 
scale of the LSPRs that the plasmonic crystal supports.[28, 29] 
The periodic modulation in the AFM images resulting from the plasmonic crystal 
topography adversely affects the analysis of the thicknesses of cellular features on the surface.  
To overcome this, the periodic oscillations were filtered out using a Fast Fourier Transform 
(FFT) of the image where all but the lowest frequency components were removed. A 3D 
projection of the FFT filtered data is presented in Figure 3.10c. There is a loss resolution that 
occurs as a result of the FFT filtering. A scanning electron micrograph of a similar fixed cell is 
presented in Figure 3.10d. This image shows that the thinner cell outgrowth regions conform, at 
least partially, to the plasmonic crystal’s surface topography while thicker layers appear to be 
less strongly affected, structured features similar to those seen in the AFM data. 
 A comparison of height profiles is presented in Figure 3.10f for the AFM image and in 
Figure 3.10g for the plasmonic reflection image. These profiles were taken from the same cell 
area represented by the white arrows superimposed on the AFM image in Figure 3.10a and the 
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reflection image in Figure 3.10e. Comparing the two height profiles reveals a marked 
correspondence in the thickness estimates of the filament structures at X ~ 30 µm in the AFM 
profile (Figure 3.10f) and at X ~ 30 µm in the reflection image profile (Figure 3.10g); both 
methods assign the feature a thickness of ~60 nm. These AFM data, thus provide independent 
confirmation of the thicknesses estimated using the plasmonic reflection contrast calibrations and 
of the estimated refractive index of the fixed cell material. The latter value, being higher than the 
refractive index of live cell components (where n ~ 1.35 -1.41), reflects the loss of water from 
the materials present in the fixed cell.  
3.4.5 Increased Image Contrast through Wavelength Combination 
A charge-coupled device (CCD) camera was used as the imaging detector in this work, 
which integrates the photon flux across the accessible wavelength range to report pixel intensity.  
Reflectivity changes in the sample result in changes in the photon flux and are interpreted as 
reflectance changes in the image, and an increase in the number of photons at one wavelength 
within that accessible range of reflected light can be offset by a decrease in photons at a different 
wavelength within that range. The integrative nature of the CCD camera can ultimately result in 
reduced image contrasts if the wavelengths used overlap spectral regions with opposite contrast 
behavior (where the reflectance increases at one wavelength but decreases at another). Bandpass 
filters allow these spectral regions to be isolated from one another and analyzed separately in a 
form of quasi-hyperspectral imaging, albeit one with relatively coarse wavelength control. By 
identifying wavelength regions where the reflection contrast exhibits opposite behaviors and 
imaging these regions separately, recombination of the data from those wavelength regions can 
be used to restore or even enhance the contrast.  
 Figure 3.11 shows reflection contrast calibration curves obtained using 570-600 nm (pink 
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square) and 570-1000 nm (yellow-green triangle) bandpass filters. Due to the wavelength 
overlap between the two filters, the reflection behavior between 570-600 nm is included (and 
convolved within) the optical data collected over the 570-1000 nm wavelength range. These 
calibration curves indicate that the reflection contrast decreases at θ greater than ~20 nm in both 
wavelength ranges, but the contrast decreases obtained using the 570-1000 nm filter are not as 
pronounced as those found in the 570-600 nm wavelength range. This indicates that the 
reflection must tend to increase for thicker θ at wavelengths between 600-1000 nm in order to 
offset the contrast decreases that occur over the 570-600 nm range. Most interestingly, the 570-
1000 nm data show a larger increase in reflection contrast for thinner θ (up to ~20 nm) than is 
seen in the 570-600 nm data. It can be concluded as a result that the contrast scaling seen over 
the 570-600 nm and 600-1000 nm ranges are, in fact, opposite in sign. This provides a means to 
enhance the overall imaging contrast by recombining images captured over these different 
wavelength ranges. 
The wide spectral response of the camera is needed in order to properly combine the 
calibration images obtained using different bandpass filters into a single composite calibration 
curve. The spectral response of the CCD detector is not equal across all wavelengths; its 
sensitivity peaks between 500-520 nm and then decreases with increasing wavelength of the light 
(as shown in Figure 3.12).[56] The 570-600 nm bandpass filter covers only ~7% of the 
wavelength range between 570-1000 nm but accounts for ~18% of the total sensitivity. Thus it 
results that the contributions of the 570-600 nm wavelength range to the overall image contrast 
are disproportionately larger relative to the size of the bandpass wavelength range. With 
consideration of the spectral sensitivity of the CCD camera, the individual images made using 
the 570-600 nm and 570-1000 nm bandpass filters were weighted by the total integrated 
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sensitivity of camera over the specific wavelength range and combined according to Equation 
3.3: 
 
([570-1000 nm] 147.75) 2 ([570-600 nm] 26.55)
Composite Image
147.75
   
  (3.3) 
The value of 147.75 originates from the total integrated sensitivity from 570-1000 nm (green + 
pink area) presented on the spectral sensitivity plot in Figure 3.12, while the 26.55 value is the 
integrated sensitivity from 570-600 nm (green area) in Figure 3.12. The image data from the 570-
600 nm wavelength range was subtracted twice in this analysis (via a factor of two in the formula 
above) – the first subtraction removes its contribution from the data collected over the entire 
570-1000 nm wavelength range, and the second subtraction restores its contribution but with an 
inverted sign. The resultant image was then used to calculate the normalized reflection contrast 
as described previously, and the combined contrast calibration results are plotted as the dark cyan 
circles in Figure 3.11. It is readily apparent that the overall reflection contrast increases across 
the range of index-corrected material thicknesses (θ) examined. A power law regression was 
applied to model the combined calibration curve, with a best fit of NRC = 0.01565θ0.6323. 
 This composite calibration curve was applied to images of the fixed Aplysia neurons on 
the plasmonic crystal (which had been combined in a similar manner), and the resultant 
thicknesses estimates are presented in Figure 3.13a. The thickness profile in Figure 3.13b (along 
the white arrow shown in Figure 3.13a) shows good agreement with those produced using the 
500-550 nm and 525-1000 nm calibration curves (in Figure 3.8e and Figure 3.8f, respectively).  
The smaller features lying between X ~50-90 μm, which were not observed in the 500-550 nm 
image, are clearly resolved in the combination reflection image. These results show the efficacy 
of combining images acquired in a multispectral form to increase contrast and sensitivity in the 
resultant image.  
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3.4.6 Quantitative Thickness Estimates from Non-plasmonic Optical Effects 
While the thickness calibration methods demonstrated here rely on the sensitivity of 
surface plasmon resonances to changes in the refractive index profile at and near the metal 
surface, the reflection images also contain other areas of the cell with thicknesses significantly 
greater than the range of the surface plasmons’ evanescent electric field. Additional and 
quantitatively useful non-plasmonic optical effects are present in these regions of the image. 
These include Fresnel reflections from interfaces between materials with different refractive 
indices along with light scattering and absorption by cellular components. The region boxed in 
red on the cell image presented in Figure 3.14a (acquired using a 500-550 nm bandpass filter) 
highlights a notable non-plasmonic optical effect seen in the reflection image. Rotated and 
magnified views of this region acquired using 500-550 nm, 570-600 nm, and 610-700 nm 
bandpass filters are presented in Figure 3.14b, respectively. These images reveal alternating light 
and dark bands moving from the lower left tip towards the upper right. The size and position of 
these bands changes depending on the particular bandpass filter used.  
 These alternating intensity bands represent a thin film interference effect (referred to as 
Newton’s rings) arising from constructive and destructive interference from light reflected within 
a resonant cavity formed by the top and the bottom surfaces of the cell structure. Constructive 
interference of light rays reflected from both surfaces produces bright fringes, while dark fringes 
appear where destructive interference occurs. The number and position of these bright and dark 
regions are functions of the wavelengths of light being imaged and the cavity length (cell 
thickness) required to produce the resonant conditions. Since the wavelengths of light being 
imaged are known, the thin film interferences provide an additional method to quantitatively 
estimate the thicknesses of thin film structures presented in the sample. Figure 3.15 illustrates the 
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path length difference originating from reflections of light propagating through a medium with 
refractive index 
1n  and reflecting from two surfaces – the top and bottom surfaces of a thin film 
with a thickness d and a refractive index
2n .  The optical path difference (OPD) is given by the 
expression below: 
    2 1OPD n AB BC n AD    (3.4)  
where  
2cos
d
AB BC

    and  2 2 12 tan sinAD n d   . 
The OPD equation can be simplified using Snell’s law (
1 1 2 2sin sinn n  ) to  
 
2 22 cosOPD n d   (3.5) 
At the bright fringe, the optical path difference must be an integer multiple of the wavelength 
(mλ, where m is an integer).  
 2 22 cosm n d   (3.6) 
 
2 22 cos
m
d
n


  (3.7) 
Figure 3.14a was acquired using a 500-550 nm bandpass filter and the incident angle of light (θ1) 
ranges from 0° to 23.6° due to the numerical aperture of the objective lens (NA = 0.40). 
Therefore, the thickness of the cellular film ( 2n  = 1.50) at the bright fringes can be roughly 
estimated and shown in Table 3.1. 
Table 3.1 The thickness of the cellular film ( 2n  = 1.50) at the bright fringes in 500-550 nm 
image. 
 
 λ = 500 nm λ = 550 nm 
0° 23.6° 0° 23.6° 
Thickness of protein 
m=1 167 nm 173 nm 183 nm 190 nm 
m=2 333 nm 346 nm 366 nm 380 nm 
m=3 500 nm 519 nm 549 nm 571 nm 
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The resonant cavity length was estimated for the second band indicated in the 500-550 
nm image (in Figure 3.14b) using the extreme ends of the range of wavelengths and incident 
angles (0° and 23.6°) along with the previous estimate of the refractive index (n ~ 1.5). The 
convolution and overlap of different wavelengths with different illumination angles predict a 
range of cavity thicknesses lying between ~300-400 nm as being capable of producing 
constructive interference at the location highlighted in 500-550nm image (in Figure 3.14b). 
 AFM measurements were made to independently evaluate the latter thickness estimate. A 
representative FFT filtered AFM image is presented in Figure 3.16a and a height profile along 
the blue arrow in Figure 3.16a is shown in Figure 3.16b. The thickness revealed by AFM data is 
between 300 nm and 400nm, in good agreement with the thickness analysis for the data in Figure 
3.14b. This interferometric thickness calculation is a simple complement to the surface plasmon-
based measurements, capable of measuring surface films thicker than the plasmonic sensing 
volume without prior calibration. However, the thickness range estimates can become very broad 
when applied to images acquired using large wavelength ranges, and the nature of the 
microscope objectives themselves results in a range of thicknesses capable of producing 
constructive or destructive interference at a location (even under monochromatic illumination). 
The minimum thickness required to observe thin film interference effects are one-half of the 
wavelength (or one-fourth if reflection from the upper surface results in a 180° phase shift). Even 
for 400 nm illumination at normal incidence, this corresponds to a minimum thickness of 100 nm 
– coincidentally the upper limit for quantitative thickness measurements using plasmonic 
calibrations. While these considerations constrain the use of thin film interference effects to 
quantitate material thicknesses, they also suggest possibilities for a synergistic integration of 
both methods of analysis.  
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3.4.7 Inferences Regarding Cell Structures Observed on Plasmonic Crystals 
The growth and extension of neuritis from the Aplysia pedal ganglion neuron body begins 
with the emergence of growth cones.[57] The growth cone is defined by a thicker central region, 
where vesicles and microtubules can be found, and a surrounding thinner ‘veil’ composed of 
lamellipodia and filopodia.[57-59] As the cell matures, materials in the peripheral regions are 
resorbed as the neurite thickens and rounds,[57, 60] and it is likely that quantitative analysis of 
reflection images of neuronal cell structures at different developmental stages might help to elicit 
new understandings of the neurite outgrowth process.  
The images presented in Figure 3.17 illustrate this notional point, showing fixed Aplysia 
pedal ganglion neurons having regions at presumably different stages of growth. The structure 
labeled ‘A’ in Figure 3.17a (thickness calibrated reflection image using combination of 570-600 
nm and 570-1000 nm images) appears to be a neurite which has fully formed. The area labeled 
‘B’ appears to be a sparse distribution of thin features and may be the remnants of the peripheral 
region of the growth cone. Similarly, the darker neurite on the left side (labeled ‘C’) is readily 
distinguished from the thinner region (labeled ‘D’), and the patchy nature of the surface coverage 
moving further away from the cell body (labeled ‘E’) may be indicative of the resorption or 
partial resorption of the peripheral portion of the growth cone (in Figure 3.17b). The cell 
structures characterized by ‘Newton’s ring’ in the thin film interference analysis may be the 
central regions of the growth cones (red asterisks in Figure 3.17c), which are surrounded by the 
thin ‘veil’ previously associated with the peripheral region of the growth cone. The neurons in 
Figures 3.17a and 3.17b have more clearly defined neurites and fewer central regions and thus 
may be more mature, while the less developed neuron shown in Figure 3.17c has a morphology 
characterized by fewer defined neurites and many more growth cone regions. 
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3.5 Conclusions 
We describe a label-free imaging technique that utilizes a plasmonic crystal in 
conjunction with bandpass filters to quantify the thickness of thin film structures present in a 
model complex biological structure, pedal ganglion neurons from Aplysia californica that were 
fixed after growth in culture.  Contrast calibrations using polyelectrolyte layer-by-layer 
assemblies were applied to estimate the thickness of thin growth regions of the neurons on the 
plasmonic crystals. The reliability of the imaging method was confirmed with height profiles 
acquired by atomic force microscopy.  The use of bandpass filters to restrict the wavelengths of 
light imaged can improve image contrast and sensitivity, with further improvements possible by 
a combination of images acquired with different bandpass filters. Computational studies provide 
insight into contrast changes associated with plasmonic phenomena as a function of film 
thickness. Films having thicknesses beyond the limit of this SPR method can be analyzed using 
alternative non-plasmonic optical effects, such as Fresnel reflection, scattering, and absorption. 
Further improvements to the image contrast and sensitivity may be achieved through 
optimization of the plasmonic crystal structure. This plasmonic reflection imaging method has 
the potential to be adapted for live cell imaging, because it does not demand the specific 
operating conditions and long scanning times. While this imaging technique was utilized to 
analyze the thickness of a fixed cell in this study, this quantitative imaging method shows 
considerable promise as a label-free analytical technique for studying cell morphology or cell 
dynamics stimulated by chemical or physical changes in real time. Studies are in progress to 
explore these applications.  
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3.8 Figures 
 
 
 
Figure 3.1 Schemes of the soft nanoimprint lithography process: (i) A nanostructured PDMS 
stamp is cast from a square nanohole array SOG master and used to imprint into an NOA 
prepolymer on a glass slide. (ii) The stamp is pressed into the NOA prepolymer and cured under 
ultraviolet light. (iii) The stamp is removed, leaving a replica of the square nanohole array from 
the original substrate. (iv) 32 nm of gold is sputtered onto the patterned NOA surface to create 
the plasmonic crystal. 
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Figure 3.2 (a) The SEM image of the plasmonic crystal with diameters and periodicities of ~460 
and 740 nm. The scale bar corresponds to 5 μm. Inset: Tilted SEM image of red box. The scale 
bar corresponds to 100 nm. (b) Top: 3D schematic of the plasmonic crystal. Bottom: 2D 
schematic of cross section of plasmonic crystal. 
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Figure 3.3 Corresponding pairs of thicknesses for polyelectrolyte films and index-corrected 
material (n = 1.5) (θ) determined via ellipsometry.  
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Figure 3.4 Finite-difference time-domain (FDTD) simulated reflection spectra for pairs of 
optically equivalent polyelectrolyte and index-corrected material for the fixed cell conformally 
covering a 30 nm of gold coated plasmonic crystal: (a) 20 nm polyelectrolyte and 24 nm index-
corrected material; (b) 24 nm polyelectrolyte and 28 nm index-corrected material; (c) 40 nm 
polyelectrolyte and 48 nm index-corrected material. 
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Figure 3.5 (a) Reflection image (using a 500-550 nm bandpass filter) of a polyelectrolyte layer-
by-layer assembly (LBL) and photocured polyurethane drop (NOA) on a plasmonic crystal used 
for the reflection contrast calibration. Average pixel intensities were calculated in the regions 
marked with red box (NOA region) and blue box (LBL region), and used to determine the 
reflection contrast calibration. The scale bar corresponds to 100 μm. (b) Step-edge profile of 
normalized reflection contrast (blue circles) along the yellow arrow in Figure 3.5a and fitted red 
curve with a Gaussian width of 1.0 μm.   
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Figure 3.6 Normalized reflection contrast (NRC) as a function of index-corrected thickness (θ) 
using three different bandpass filters: 500-550 nm (dark cyan circles), 525-1000 nm (pink 
squares), and 570-1000 nm (yellow-green triangles). The black line shows the best fit linear 
regression for the 500-550 nm bandpass filter (NRC = −0.00224θ + 0.03183) and red line shows 
that for the 525-1000 nm bandpass filter (NRC = 0.00085θ + 0.01872). The error bars are 
obscured by the data markers themselves as a result of the large number of pixels (more than 
50,000) used to determine the value.  
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Figure 3.7 (a) FDTD calculated reflection spectra for varying thicknesses of polyelectrolyte 
assemblies on a nanostructured plasmonic crystal. (b) FDTD calculated reflection spectra for 
varying thicknesses of polyelectrolyte assemblies on flat gold film. 
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Figure 3.8 (a, b)  Reflection images of an Aplysia neuron cultured on a plasmonic crystal surface 
acquired using (a) 500-550 nm bandpass filter and (b) 525-1000 nm bandpass filter. The scale 
bar in (a) and (b) corresponds to 100 μm. (c, d) Index-corrected thickness (θ) calibrations applied 
to reflection images of an Aplysia neuron cultured on a plasmonic crystal acquired using (c) 500-
550 nm bandpass filter and (d) 525-1000 nm bandpass filter. The z-scale for image is restricted to 
the plasmonic sensing volume (0-80 nm). (e, f) Height profiles (along the white arrow) of the 
quantitative reflection image acquired using (e) 500-550 nm bandpass filter and (f) 525-1000 nm 
bandpass filter. 
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Figure 3.9 Reflection images of an Aplysia neuron cultured on a flat gold surface acquired using 
(a) 500-550 nm bandpass filter and (b) 525-1000 nm bandpass filter. The scale bar on each image 
corresponds to 100 μm. The rectangular shape of cell body on the figure represents the presence 
of some glia stack on the left top corner of the neuron surface.  
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Figure 3.10 (a) AFM image of an Aplysia neuron cultured on a plasmonic crystal showing 
periodic structures on the surface due to the underlying plasmonic nanostructure. (b) 3D 
projection of the original AFM data of Figure 3.10a showing periodic topological features on the 
neuronal surface. (c) 3D projection of AFM data of Figure 3.10a after FFT filtering to remove 
plasmonic nanostructure contribution. (d) SEM image of a portion of an Aplysia neuron cultured 
on plasmonic crystal showing the nanostructured surface underneath the cell structures. The scale 
bar corresponds to 100 μm. (e) Index-corrected thickness (θ) calibration applied to the reflection 
image of an Aplysia neuron cultured on a plasmonic crystal acquired using 525-1000 nm 
bandpass filter. The scale bar corresponds to 100 μm. (f) AFM height profile along the white 
arrow drawn on Figure 3.10a. (g) Reflection contrast height profile along the white arrow drawn 
in Figure 3.10e.  
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Figure 3.11 Normalized reflection contrast calibration curves as a function of index-corrected 
thickness (θ) for fixed cell acquired using bandpass filters: 570-600 nm (yellow green triangles), 
570-1000 nm (pink squares) and a combination of the 570-600 nm and 570-1000 nm data (dark 
cyan circles). A power law regression was applied to the combination calibration curve (red 
curve, NRC = 0.01565θ0.6323).  
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Figure 3.12 Spectral sensitivity of CCD camera over the 400-1000 nm wavelength range. The 
green region highlights the 570-600 nm wavelength range, while the green and pink regions 
combined represent the 570-1000 nm wavelength range.  (Sony ICX085AL 2/3-inch Progressive 
Scan CCD Image Sensor with Square Pixel for B/W Cameras, Datasheet No. E95Z10C73; Sony 
Corp., http://www.alldatasheet.com/datasheet-pdf/pdf/47409/SONY/ICX085AL.html) 
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Figure 3.13 (a) Wavelength combined (570-600 nm and 570-1000 nm) reflection contrast 
calibration applied to wavelength combined image of an Aplysia neuron cultured on a plasmonic 
crystal. (b) Height profile along the white arrow drawn on the Figure 3.13a. 
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Figure 3.14 (a) Reflection image of Aplysia neurons cultured on a plasmonic crystal acquired 
using a 500-550 nm bandpass filter. The scale bar corresponds to 100 μm. (b)  Rotated and 
magnified images of the region in the red box at Figure 3.14a acquired using 500-550 nm (left), 
570-600 nm (middle), and 610-700 nm (right)  bandpass filters. Based on interferometric 
estimates, the region indicated by the red asterisk and arrow in Figure 3.14b is ~330-400 nm 
thick.  
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Figure 3.15 Ray diagram for thin film interference from light reflected from two adjacent 
surfaces. 
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Figure 3.16 (a) FFT filtered AFM image of the Aplysia neuron structure displayed in Figures 
3.14 (corresponding to the blue box in Figure 3.14b). (b) AFM height profile along blue arrow 
drawn on the Figure 3.16a. 
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Figure 3.17 (a) Thickness calibration applied to combined wavelength (570-600 nm and 570-
1000 nm) image of Aplysia pedal ganglion neurons on plasmonic crystal with a neurite (‘A’) and 
the remnants of the growth cone peripheral region (‘B’). (b) 500-550nm reflection image of an 
Aplysia pedal ganglion neuron on a plasmonic crystal with a neurite (‘C’) and the remnants of 
the growth cone peripheral region (‘D’ and ‘E’). (c) 500-550nm reflection image of an Aplysia 
pedal ganglion neuron on a plasmonic crystal. ‘Bulls-eye’ structures (denoted with red asterisks) 
correspond to the central region of the growth cone and are surrounded by thinner ‘veils’ 
corresponding to the peripheral region of the growth cone. The scale bar on (a) and (b) 
corresponds to 100 μm and that on (c) corresponds to 50 μm. 
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CHAPTER 4 
QUANTITATIVE REFLECTION IMAGING FOR MORPHOLOGY AND DYNAMICS  
OF LIVE APLYSIA CALIFORNICA PEDAL GANGLION NEURONS ON 
NANOSTRUCTURED PLASMONIC CRYSTALS 
 
 
4.1 Abstract 
 We demonstrate the application of a simple reflection imaging system which consists of a 
plasmonic crystal, a common laboratory microscope, and bandpass filters for quantitative 
imaging and in-situ monitoring of live cells and their interactions with the substrate. Surface 
plasmon resonance (SPR) is highly sensitive to changes in the local optical profile at the 
metal/dielectric interface. Changes in the thicknesses or dielectric properties of thin films near 
the surface of the plasmonic crystal are detectable by examining optical responses of plasmonic 
modes. Polyelectrolyte thin films deposited using the layer-by-layer (LBL) self-assembly method 
serve as a reference model system to verify reflection contrast changes when increasing the 
polyelectrolyte film thickness and changes associated with the optical responses originating from 
multiple plasmonic features. Finite-difference time-domain (FDTD) simulations allow the optical 
responses measured experimentally from the polyelectrolyte reference system to be adjusted for 
investigating cellular structure and functions. Living Aplysia californica pedal ganglion neurons 
immersed in artificial sea water (ASW) were used as a model system for this plasmonic 
reflection imaging technique. Here, the morphology of peripheral structures (structures < ~80 nm 
in thickness) of live Aplysia pedal neurons were quantitatively analyzed and cell detachment 
induced by trypsinization was visualized and interpreted. These results validate plasmonic 
reflection imaging as a technique that shows promise as a real-time analysis method for 
investigating the morphology and dynamics of ultrathin cellular systems in a complex 
environment.  
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4.2 Introduction 
Cell morphology and dynamic biological processes are essential to understanding cell 
differentiation, growth and death in medical science and biotechnology.[1-6] Time-resolved 
imaging of biological events and structural changes inside of living cells provides insights into 
cell function that static observation of fixed cells would not reveal.[7-10] Because most cells are 
optically transparent, live cell imaging is difficult using conventional optics without staining or 
tagging the cell.[11, 12] Regardless of the imaging technique, cells’ health is crucial to preserve 
a normal metabolic state within live cell imaging experiments.[13] For imaging of cellular 
dynamics, the experimental conditions such as pH[14, 15], oxygenation[16], temperature[17] and 
osmolality[18] should be satisfied to maintain viability of live specimens. In addition, high 
intensity light illumination may induce temperature fluctuations and/or damage DNA via UV 
light absorption, ultimately causing cell death.[19] Therefore, it is critical that live cell imaging 
techniques are designed to minimize physical and chemical damage to the cell and suitable for 
the local biological environment.  
Various optical analytical tools have been developed to study structure, composition, or vital 
phenomena of living cells. Fluorescence microscopy is the most widely used technique for live 
cell imaging because, by tagging cell components with fluorophores such as small organic dyes 
or quantum dots, it is capable of probing specific structures or materials inside of the cell.[20-22] 
Fluorescence imaging, however, is complicated by the toxicity associated with introducing 
foreign fluorescent labels into the system and is also limited by photobleaching of the added 
fluorophores.[9, 23, 24] Phase contrast microscopy[25, 26] and differential interference contrast 
microscopy[27, 28] have been developed to visualize unstained, transparent biological specimens 
with enhanced contrast and resolution. Although these imaging methods are useful to study 
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cellular structures and processes, their two-dimensional (2D) data are insufficient for 
quantitatively analysis of the live cell morphology. Three-dimensional (3D) live cell images can 
be achieved using confocal microscopy – wherein the resultant images are reconstructed from 
multiple 2D optical slices obtained using different depths within a sample.[29-32] Confocal 
microscopy also requires incorporation of fluorescent labels in the cells, which introduces the 
aforementioned problems and increases the overall complexity of the experiment.[33] Digital 
holographic microscopy[12] and spatial light interference microscopy[34] are able to provide a 
label-free form of quantitative live cell imaging yielding information about morphology and 
dynamics of the cell, but these optical techniques need complex and demanding setups as well as 
non-trivial data processing. Atomic force microscopy (AFM) is an alternative to optical imaging 
techniques that can be used to generate a topographic map of specimens with high resolution in 
the perpendicular direction.[35-38] While AFM offers delicate height data at nanometer 
resolution, it is not suitable for studying a live cell dynamics due to the long scan times and the 
unavoidable physical contact between the AFM tip and the sample.[39]   
To overcome the drawbacks of conventional cell imaging methods, we previously developed a 
label-free reflection imaging technique using a plasmonic crystal which quantitatively maps the 
thickness of complex biological structures in dried condition (fixed Aplysia californica pedal 
neurons).[40] This plasmonic imaging method is label-free and highly sensitive to changes on 
the surface of the plasmonic crystal because surface plasmon resonances (SPRs) generate an 
enhanced evanescent electric field at the interface of a metal/dielectric. Nanoimprinted 
plasmonic crystals used as a substrate in this system allow for a simple and inexpensive method 
for imaging live cells events when combined with a simple imaging platform consisting of a 
common laboratory microscope and a charge-coupled device (CCD) camera.  
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Herein we extend the application of this analytical technique to visualize the morphology and 
dynamics of live cells. The polyelectrolyte layer-by-layer (LBL) assemblies were used as 
reference model to calibrate contrast changes as a function of thickness of the thin film on the 
surface of a plasmonic crystal. Theoretical considerations examined using finite-difference time-
domain (FDTD) simulations help to establish a contrast calibration for the quantitative analysis 
of complex biological system from reference contrast data. Wavelength-dependence of contrast 
changes is confirmed experimentally using bandpass filters to roughly restrict wavelength range 
collected for imaging. This multispectral reflection contrast calibration was applied to the 
reflection images of live Aplysia pedal neurons on the surface of a plasmonic crystal to 
demonstrate that this plasmonic reflection imaging technique can quantitatively map the 
thickness of peripheral regions of live cells in a complex biological environment. We further 
show this imaging method can be utilized to visualize and analyze the interactions occurring 
between a plasmonic crystal and a biological system by examining contrast changes of reflection 
images of live Aplysia pedal neurons associated with trypsin-mediated cell detachment. 
 
4.3 Experimental Materials and Methods 
4.3.1 Materials 
Reagents were used as received without further purification.  Photocurable polyurethane 
(NOA73) was purchased from Norland Products. Polydimethylsiloxane (soft PDMS; Sylgard 
184, Dow corning) was made in a 10:1 ratio of PDMS base with curing agent. Hard PDMS 
components: poly(25-30% methylhydrosiloxane)-(dimethylsiloxane) (HMS-301), poly(7-8% 
vinylmethylsiloxane)-(dimethylsiloxane), (VDT-731), Platinum divinyltetramethyldisiloxane 
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(SIP6831.1) and (1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane) (7900) were 
purchased from Gelest.   Manganese chloride tetrahydrate, poly(sodium 4-styrenesulfonate) (PSS, 
MW = 70,000 g/mol), poly(allylamine hydrochloride) (PAH, MW = 70,000 g/mol), 16-
mercaptohexadecanoic acid (MHDA), and trypsin (T1426) were purchased from Sigma-Aldrich. 
Ultrapure water (18 MΩ) was generated using a Millipore Milli-Q Academic A-10 system and 
used to prepare the polyelectrolyte solutions and artificial sea water (ASW). 
4.3.2 Plasmonic Crystal Fabrication via Soft Nanoimprint Lithography  
Full-3D plasmonic crystals were fabricated using soft nanoimprint lithography technique as 
previously reported.[40-45] First, a double-layer PDMS stamp (composite hard-PDMS/soft-
PDMS) was cast from a patterned photoresist master consisting of nanohole array relief 
structures and subsequently used to fabricate plasmonic crystal. Several droplets of the NOA 
prepolymer was cast onto a glass slide by pressing PDMS stamp into the liquid pre-polymer and 
then cured by exposing to ultraviolet light for ~20 min.  After carefully peeling off the PDMS 
stamp, the NOA nanostructures were usually placed in a 70 °C overnight to complete curing with 
heat treatment. The replicated nanostructures were a uniform square array of nanoholes with a 
hole spacing (center to center) of ~740 nm, a hole diameter of ~540 nm, and a relief depth of 
~285 nm. After a sputtering to deposit ~5 nm of titanium dioxide adhesion layer on top of the 
NOA nanohole array, the ~45 nm gold was deposited by sputter deposition in 5 mTorr argon 
(AJA International). To improve cell outgrowth on a plasmonic crystal and prevent water 
penetration into the interface between metal film and NOA nanostructures, a thin aluminum 
oxide of ~6 nm was deposited with atomic layer deposition (Cambridge Nanotech).   
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4.3.3 Transmission Measurements of Plasmonic Crystals.  
Transmission spectra of plasmonic crystals were measured using a Varian 5G UV-Vis-NIR 
spectrophotometer with normal incident light and no temperature control. Transmission spectra 
over a wavelength range of 355-1200 nm were collected and used to verify the geometry of 
plasmonic crystals for further computational modeling.    
4.3.4 Growth of Polyelectrolyte Layer-by-Layer Assemblies on Gold Films for Reflection 
Imaging Contrast Calibration 
Polyelectrolyte assemblies were created on the surface of plasmonic crystal or gold-coated pieces 
of silicon wafer by a LBL method. To facilitate a LBL deposition, carboxyl-terminated self-
assembled monolayers were formed on the gold film surface by immersing the substrates in an 
ethanol solution of MHDA (2 mM) for at least 18 h, after which the substrates were rinsed 
thoroughly with ethanol and dried under nitrogen flow. Layers of PAH and PSS were then 
alternately deposited onto the surface of gold coated substrate. The substrate was immersed in a 
PAH solution (3 mg PAH/mL in water, pH = 8.0) for 5 min, rinsed thoroughly with water and 
dried with nitrogen gas. This PAH-layer terminated substrate was then immersed in a PSS 
solution (3 mg PSS/mL in 1M MnCl2, pH = 2.0) for 90 s, rinsed with water and dried under 
nitrogen flow.  
4.3.5 Thickness and Refractive Index Measurements of Polyelectrolyte Layer-by-Layer 
(LBL) Assemblies in Artificial Sea Water (ASW) with Atomic Force Microscope (AFM) 
and Ellipsometry 
The thicknesses of polyelectrolyte LBL assemblies on gold-coated silicon in ASW were 
measured using an Asylum Research MFP-3D atomic force microscope and the refractive index 
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of polyelectrolyte films under the same conditions was determined using a Woollam VASE 
spectroscopic ellipsometer with home-built liquid cell (shown in Figure 4.1). For simple analysis, 
gold-coated silicon wafer pieces were used for AFM and ellipsometry measurement after surface 
modification with a MHDA monolayer. AFM can directly measure the thickness of 
polyelectrolyte layer in ASW. Areas of the gold-coated silicon were masked using permanent 
marker to dictate the pattern of polyelectrolyte LBL assemblies. The permanent maker mask can 
be easily removed by rinsing with acetone, and then the polyelectrolyte thickness was 
determined by measuring the edge step at the interface of the polyelectrolyte covered and non-
covered regions via AFM. AFM measurement was operated in tapping mode under the liquid 
environment (in ASW) using soft cantilever with 0.08 N/m spring constant which was purchased 
from Asylum Research. Analysis of the AFM data was performed using IgorPro. The thickness 
data of polyelectrolyte film acquired from AFM measurement was employed to determine 
refractive index of polyelectrolyte film via ellipsometer. The home-built liquid cell was designed 
and manufactured to evaluate the optical properties of polyelectrolyte film in ASW using 
ellipsometer. At every second round of polyelectrolyte deposition, ellipsometry data were 
collected over the wavelength range of 300-900 nm at an incident angle of 60°. The 
polyelectrolyte layer was modeled as a Cauchy material. The parameters of Cauchy model for 
polyelectrolyte layer were theoretically determined based on ellipsometry spectrum and 
thickness value of polyelectrolyte film, which is used to calculate the refractive index of 
polyelectrolyte assemblies. 
4.3.6 Reflection Imaging of Plasmonic Crystals Using a Laboratory Optical Microscope 
Reflection mode images of both the polyelectrolyte films and cells cultured on the plasmonic 
crystal surface were obtained using a Zeiss AxioScope A1 with halogen light source and a 20× 
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and 0.40 NA of objective lens. Bandpass filters are inserted in the microscope immediately in 
front of the microscope camera (AxioCam MRc). Images were captured using an AxioVision 
with 1388 × 1040 array of pixels (each pixel 6.5 × 6.5 μm). The exposure time was varied to 
control the overall exposure, while the halogen lamp intensity was fixed in low level to reduce 
possible thermal damages to live cells.  
Grayscale reflection images were processed and analyzed using Matlab and ImageJ. Vignetting 
in the images of polyelectrolyte layer and live cell was corrected using a pixel-by-pixel division 
of the experimental image by the reference mirror image which is the image of original 
plasmonic crystal taken with the corresponding bandpass filter. With assumption that the contrast 
values of each pixel have standard normal distribution, pixel values out of 80% confidential 
intervals were considered as blemishes or debris and removed from the reflection imaging 
contrast calibration.   
4.3.7 Reflection Contrast Calibration 
Part of MHDA-coated nanohole array was covered with cured NOA film to create a region at 
which the surface refractive index was maintained constantly during the polyelectrolyte film 
deposition. The reflection images of this plasmonic crystal were taken at every second round of 
polyelectrolyte depositions to calibrate the normalized reflection contrast changes as a function 
of thickness of polyelectrolyte assemblies. The normalized reflection contrasts of polyelectrolyte 
coated regions (PEL regions) were determined through the two-step process, as we reported 
previously.[40] In the first, the average pixel intensities of the optically constant regions (NOA 
regions) in all images were equated to correct the differences in illumination intensity between 
images using Equation (4.1): 
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(4.1) 
where the reference average is defined as the average pixel intensity of reflection image for the 
plasmonic crystal before the polyelectrolyte deposition. Then, the scaled average PEL pixel 
values were normalized by the reference PEL average according to Equation (4.2):  
(4.2) 
4.3.8 Cell Culture of Aplysia californica Pedal Ganglion Neurons 
Sea slug Aplysia Californica (100-300g) were supplied by the National Resource for Aplysia 
(Miami, FL) and kept in circulated, aerated seawater at 14 °C. Prior to dissection, the animals 
were anesthetized by injection of isotonic magnesium chloride solution into the body cavity 
(~30-50 % of body weight). Individual Aplysia pedal neurons were isolated after incubation in 
ASW (in mM; 460 NaCl, 10 KCl, 10 CaCl2, 22 MgCl2, 26 MgSO4, and 10 HEPES, pH 7.8) with 
proteases (1% type XIV, Sigma-Aldrich) at 34 °C for between 60-120 min as described 
previously.[46, 47] A poly-L-lysine layer (1-2 nm) was formed on the plasmonic crystal surface. 
The cells were mechanically isolated in ASW, transferred onto the plasmonic crystal surface 
immersed in ASW supplemented with antibiotics (ASW containing 100 units/ml penicillin G, 
100 mg/ml streptomycine, and 100 mg/ml gentamicin, pH 7.7) and left to attach and grow 
overnight at room temperature. Six to eight pedal neuron cells were cultured on the plasmonic 
crystal surface at a time.   
 
 
 
 
 
Reference NOA average
Scaled PEL average = Image PEL average
Image NOA average

[scaled PEL average] - [reference PEL average]
Normalized reflection contrast = 
[reference PEL average]
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4.3.9 Atomic Force Microscopy of Fixed Neuron Cells on Plasmonic Crystals 
Due to the limitations on live cell imaging using AFM, cultured Aplysia neurons on plasmonic 
crystals were dried and fixed before AFM measurements. Cells were fixed by addition of 1 mL 
of 4% paraformaldehyde to 3 mL ASW antibiotic culture media and occasional stirring for 30 s, 
removal of 1mL of the solution, addition of another 1mL of the 4 % paraformaldehyde solution 
and exposure for 30 s, followed by the removal of all solution. After removal of the fixation 
solution, the cells were carefully rinsed with deionized water and dried. Height profiles of fixed 
Aplysia neurons on the surface of the plasmonic crystal were measured using an Asylum 
Research MFP-3D atomic force microscope operated in tapping mode. Analysis of the AFM data 
was performed using IgorPro.  
4.3.10 Cell Dissociation from Plasmonic Crystal Surface Using Trypsinization 
Cell detachment was induced by injection of trypsin into ASW culture media. Trypsin was 
diluted in ASW to reach 10 mg/mL of concentration. For the detachment of Aplysia neuron cell 
from the substrate, 0.3 mL of trypsin solution was injected into 3mL of ASW antibiotic culture 
media in which live cell cultured plasmonic crystal was immersed.  
4.3.11 Finite-Difference Time-Domain (FDTD) Simulations of Plasmonic Nanostructures 
3D FDTD simulations were carried out to model the 0
th
-order reflection/transmission spectra 
(with light normally incident on the glass substrate) and to verify optical behavior changes as a 
function of thin film thickness on a plasmonic crystal using commercial FDTD software package 
(Lumerical FDTD, Lumerical Solutions Inc.). The unit cell geometry defined a gold nanohole in 
the x-y plane with a 740 nm center-to-center hole spacing, 544 nm hole diameter, 280 nm relief 
depth, 44 nm Au film on the top surface of the plasmonic crystal, 16 nm Au film conformally 
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coating the nanohole sidewalls, and 16 nm Au film on the bottom of the nanoholes. The 
frequency dependent dielectric constant of gold was modeled using previously reported 
parameters from a Drude plus two-pole Lorentzian model.[36] The refractive indices of NOA, 
polyelectrolyte, refractive index-corrected material for live cell, and ASW were taken to be 1.56, 
1.4 8, 1.42, and 1.34, respectively. 
 
4.4 Results and Discussion 
4.4.1 Plasmonic Crystals and Computational Models 
We previously developed a simple and powerful analytical imaging technique using plasmonic 
crystal to quantitatively monitor the morphology of a biological system, the fixed pedal ganglion 
Aplysia californica central neuron.[40] This plasmonic reflection imaging method has great 
potential as an analytical tool in biology fields because it can be operated under the complex 
environment (i.e. in the liquid cell media) without complicated optical instrumentation. Herein 
we prove the capability of this plasmonic reflection imaging technique by quantitatively studying 
the morphology of live Aplysia californica neurons and cell detachment stimulated by 
trypsinization. The optical setup of this imaging technique is illustrated in Figure 4.2. Reflection 
images of live Aplysia neurons on a plasmonic crystal immersed in liquid cell media (ASW) 
were acquired with a common laboratory microscope and bandpass filters inserted in front of a 
CCD camera. 
Plasmonic crystals similar to those we used for previous study with fixed cells[40] was employed 
as a substrate for live cell imaging. The plasmonic crystals were fabricated using a soft 
nanoimprint lithography method that provides robust and cost-effective route for generating 
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highly uniform nanostructures over large area. The inset of Figure 4.2 shows an illustration of 
cross section of full-3D plasmonic crystal consisting of a square array of embossed nanoholes 
(545 nm diameter, 280 nm depth, and 740 nm pitch) conformally coated with a thin film of Au. 
This plasmonic crystal can generate multiple plasmonic features that are highly sensitive to 
optical profile changes on metal/dielectric interface at visible wavelengths.[41-45] The complex 
optical features of plasmonic crystals are supported by FDTD calculations with appropriate 
boundary conditions and geometrical model of periodic nanohole array. Figure 4.3a presents a 
structural model of a full-3D plasmonic crystal. The geometric parameters used for modeling the 
plasmonic crystal are verified by the strong agreement between the experimentally measured and 
the calculated transmission spectra (displayed in Figure 4.3b). 
4.4.2 Index Corrected Mass Coverage 
The polyelectrolyte LBL assemblies with PAH and PSS were used as a well-defined reference 
system to calibrate the reflection contrast changes as a function of thickness of thin film on 
plasmonic crystals. For further theoretical analysis using FDTD calculations, the accurate 
thicknesses and refractive index of the polyelectrolyte layer in ASW are required. The thickness 
of one layer of PAH/PSS and refractive index of polyelectrolyte system in dry condition were 
determined by previous studies,[40, 44, 48] but these values must be altered in the ASW 
environment. Therefore, we measured increasing thickness of polyelectrolyte assemblies using 
AFM, and then determined refractive index polyelectrolyte film using ellipsometry. 
Spectroscopic ellipsometry is useful optical technique for exploring the dielectric properties of 
thin films, but it is difficult to determine the complex refractive index without a rough estimate 
of specimen thickness, as the ellipsometric signal depends on both of the thickness and optical 
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properties of thin film. Therefore, AFM was used to measure the thickness of polyelectrolyte 
film patterned on a gold-coated silicon wafer immersed in ASW. To pattern the polyelectrolyte 
film on flat silicon wafer, a patterning mask was drawn using a permanent marker and removed 
by rinsing with acetone after polyelectrolyte deposition (illustrated in Figure 4.4). Figure 4.5a 
shows a comparison of ellipsometric responses of polyelectrolyte film measured before and after 
acetone rinsing, demonstrating that the polyelectrolyte film is not negatively affected by acetone. 
The steep step edge of the polyelectrolyte pattern (shown in Figure 4.5b) can be easily quantified 
using AFM measurement. These AFM data reveal that each PAH/PSS deposition step increases 
the thickness of the polyelectrolyte assembly by 3.85 ± 0.043 nm in ASW. 
With the thickness data of polyelectrolyte assemblies and Cauchy material model defining 
optical properties of polyelectrolyte film, the refractive index can be determined using 
spectroscopic ellipsometry. The ellipsometric parameters of the polyelectrolyte assemblies were 
determined to be An = 1.477, Bn = 0.001, and Cn = 0.0005 such that the refractive index at 600 
nm was calculated to be 1.484 using the Cauchy equation, in agreement with previous 
reports.[49] The thickness increase due to the each PAH/PSS deposition step determined by 
AFM measurement and ellipsometric analysis is plotted in Figure 4.6. As the volume change of 
polyelectrolyte assemblies in ASW originates from ASW penetration into thin film, the 
refractive index of polyelectrolyte in ASW can be approximated using the Arago-Biot equation, 
where  is the refractive index of polyelectrolyte assemblies in ASW, is the 
refractive index of dried polyelectrolyte assemblies (1.64), is the refractive index of ASW 
(1.34), is the volume fraction of the polyelectrolyte assemblies, and is the volume fraction 
of ASW. According to this relationship, the calculated refractive index of the polyelectrolyte 
1 1 2 2n n n   n 1n
2n
1 2
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film is 1.485, which is in good agreement with experimentally measured refractive index of 
polyelectrolyte assemblies in ASW using spectroscopic ellipsometry. 
 SPR response is dependent on both the local refractive index and the changes in thickness of 
dielectric material on the plasmonic crystal. A living cell is a complex structure, which contains 
many organelles with different refractive index, including membrane, organelles, cytoplasm, 
nucleus, etc. For example, the refractive index of the cell membrane (1.46-1.53) is normally 
higher than that of the cytoplasm (1.35-1.38). Since the optical properties differ between the 
polyelectrolyte assemblies and biological systems, the interpretation of the imaging mode 
contrast must account for the local refractive index of the cellular structures. This quantitative 
reflection imaging technique is limited to a thickness range of approximately 80 nm.[40] At least 
quarter of the cellular component is expected to be the cell membrane (for reference, thickness of 
cell membrane is ~ 10 nm [50, 51]). Therefore, using the Arago-Biot approximation, we 
estimated the refractive index of biological material in our system is 1.42. 
Finite-difference time-domain (FDTD) calculations were used to determine the index corrected 
mass coverage (θ) for a biological material (n ~ 1.42) that exhibits the same optical response as 
the polyelectrolyte assemblies (n ~ 1.48) at different thicknesses. Figure 4.7 presents the 
calculated reflection spectra for the plasmonic crystals immersed in ASW and coated with a 
conformal layer of either polyelectrolyte or the equivalent index corrected material for live cells.  
The small discrepancies between the spectra likely originated from the limitations in the grid 
spacing of 4 nm for structure modeling. Those FDTD calculated corresponding pairs for 
polyelectrolyte film thickness and index corrected mass coverage are presented in Figure 4.8. 
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The cell membrane is usually separated from the substrate and cell adhesion to substrate is 
supported by extracellular matrix, a collection of fibrous protein and glycosaminoglycan. 
According to the previous study, the distance between cell and substrate at peripheral 
lamellipodia was determined to be 25  10 nm.[52] To demonstrate the effects of gaps between 
cell and substrate on reflection spectra, three models were considered; plasmonic crystals with 
uniform index corrected mass coverage and those with the same index corrected mass coverage 
with either a 12 nm or 24 nm ASW gap between the plasmonic crystal substrate and the index 
corrected material. The calculated reflection spectra of those three models are present in Figure 
4.9 and show a negligible effect of a thin ASW gap (~ 24 nm) on plasmonic crystal reflectance in 
visible light range. The effect of gap between cell and substrate on reflection images may 
become smaller than that we estimated here using three different models since the refractive 
index of extracellular matrix is larger than that of ASW. Thus, we did not consider the gap 
between cell and substrate for further quantitative analysis for thickness of live cells. 
4.4.3 Reflection Imaging Contrast Calibration 
Reflective images of polyelectrolyte films deposited on plasmonic crystals immersed in ASW 
were acquired using a common laboratory optical microscope with bandpass filters inserted 
directly in front of the camera to control the collected wavelength for imaging. The optical setup 
for live cell imaging is illustrated in Figure 4.2. The NOA covered region where the refractive 
index are constant was used to correct the variation in illumination intensity between reflection 
images, and images of plasmonic crystals obtained before the polyelectrolyte deposition were 
defined as reference images to normalize the contrast change as a function of polyelectrolyte film, 
in the same manner as we previously reported.[40] One difference between this and the previous 
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method is that here the plasmonic crystal was imaged from the front side. A representative image 
of a plasmonic crystal used for contrast calibration is presented in Figure 4.10a.   
Figure 4.10b shows the step-edge profile of the normalized reflection contrast at the boundary 
(along the yellow arrow shown in Figure 4.10a) and the contrast difference between the 
polyelectrolyte-coated and NOA-coated regions. This step-edge profile was fitted using a 
cumulative Gaussian curve[53] (red line, as presented in Figure 4.10b) to estimate the lateral 
resolution of the plasmonic imaging sensor. This resultant fit was well modeled with a Gaussian 
width of 0.84 µm corresponding to the spatial resolution, a value that is slightly larger than the 
resolution limit of CCD camera and microscope used for this study, ~0.65 µm. As discussed in 
previous report,[40] a single pixel of reflection image is overlapping part of one or several 
nanoholes because the pixel size (~0.65 µm) and periodicity of nanoholes (~0.74 µm) are 
comparable. Therefore, the pixel intensity of each pixel in both regions on a plasmonic crystal 
slightly varies depending on nanohole coverage, even though the nanoholes are not resolved in 
the reflection images.  
By combining the results of corresponding pairs of polyelectrolyte and index corrected material 
(described in previous section) and contrast changes as the thickness of the polyelectrolyte 
assemblies increases, the relation of normalized reflection contrast (NRC) and θ was established 
(displayed in Figure 4.11). The error bars for contrast data are obscured because large numbers 
of pixels (~ 30,000) are used to determine the average contrast. The reflection contrast increases 
with θ in the wavelength ranges of 570-600 nm and 570-1000 nm, while the reflection contrast 
decreases and becomes negative at the wavelength ranges of 500-550 nm and 600-700 nm. From 
these varying contrast changes obtained using different bandpass filters, we can conclude that 
contrast inversion on reflection images under the different wavelength ranges is attributed to 
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different effective plasmonic features depending on wavelength ranges of light. The normalized 
reflection contrast changes over the wavelengths of 600-700 nm and 570-1000 nm are non-
linearly changed, while those measured using 500-550 nm and 570-600 nm shows simple linear 
regression. These non-linear complex behaviors of reflection contrast are considered to be the 
results of multiple plasmonic modes generated by squared array of nanoholes.  For simple 
interpretation, linear normalized reflection contrast changes for both wavelength ranges of 500-
550 nm and 570-600 nm were used in following sections: for the 
500-550 nm bandpass filter, and for the 570-600 nm bandpass filter.  
The reflection spectra of a plasmonic crystal (Figure 4.12a) and a flat gold substrate (Figure 
4.12b) coated with increasing θ in ASW were calculated using FDTD computational method to 
theoretically confirm optical response changes over the range of wavelengths. The FDTD 
calculated reflectance on the flat gold surface decreased monotonically over the wavelengths of 
400-1000 nm as θ increases, whereas the reflection spectra of plasmonic crystal under the same 
conditions show more complex and wavelength-dependent optical behaviors. The variations in 
the plasmonic crystal reflectance stems from the multiple plasmonic features and combinations 
of those on plasmonic crystal. For example, wavelength ranges of 600-740 nm exhibit a decrease 
in reflectance with thicker θ while the opposite trend is observed in the 770-800 nm range. These 
trends support the experimentally observed wavelength-dependent contrast inversion of 
reflection images shown in Figure 4.11. Using FDTD calculations of reflection spectra, we can 
also estimate the sensing volume of our plasmonic sensor platform. Figure 4.12a shows that the 
reflection spectrum of plasmonic crystal with 80 nm of θ is almost identical with that of 
plasmonic crystal with 100 nm of θ. Therefore, the quantitatively measurable range of thin film 
on plasmonic crystal in our SPR-based system is less than 80 nm from the surface. 
0.00089 0.00218NRC   
0.00138 0.00175NRC  
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Although calculated reflection spectra of plasmonic crystal provide insight into the complicate 
optical behaviors under different wavelength ranges, these computational results are not enough 
to describe the contrast changes on reflection images. The simulation assumes that the incident 
light is normal to the surface. Experimentally, the illumination angle of light radiated through an 
objective lens with a numerical aperture of 0.40 should be more than zero (maximum angle of 
24°), which significantly influences the optical behavior of plasmonic crystals. We also did not 
consider the light refraction at the interface of air and ASW by using the modeled light source 
located in ASW. This assumption reduces the complexity and computation time, but causes some 
deviation from the experimentally obtained results. More intensive modeling may be required to 
fully analyze the optical behavior of the plasmonic crystal under the current optical setup.  
4.4.4 Reflection Imaging of Live Aplysia Pedal Ganglion Neurons on Plasmonic Crystals 
To explore the capability of SPR-based reflection imaging technique using plasmonic crystals as 
a quantitatively analytical method for complex biological material in the non-specific condition, 
live Aplysia pedal ganglion neurons were cultured on the surface of a plasmonic crystal 
immersed in ASW and imaged using our optical setup for further discussions. Figure 4.13a and 
Figure 4.13b show the reflection images for part of a live Aplysia neuron acquired using different 
bandpass filters (original images are shown in Figure 4.14); Figure 4.13a collected using a 500-
550 nm bandpass filter, and Figure 4.13b collected using a 570-600 nm bandpass filter. The 
peripheral regions of the live neurons appear darker than surrounding area in the 500-550 nm 
image (Figure 4.13a) while those in the 570-600 nm image appear brighter than surrounding area 
(Figure 4.13b). The contrast inversion estimated by results of normalized reflection contrast 
changes acquired using different bandpass filters (Figure 4.11) can be verified from those two 
images.  
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Although Aplysia neurons are consisted with various features with range in thickness from tens 
of nanometers to several microns, only peripheral area can be quantitatively imaged using our 
SPR-based technique because this system is only sensitive to range of 80 nm from the surface of 
plasmonic crystal. Therefore, we focus only on very thin features whose dimensions are within 
80 nm using the linear regression of optical response as a function of θ observed at 500-550 nm 
and 570-600 nm wavelength ranges. 
 The linear contrast calibration data presented in Figure 4.11 was applied to each reflection 
images shown in Figure 4.13a and Figure 4.13b to analyze thickness of live Aplysia pedal 
neurons. The normalized reflection contrast was calculated through mathematically dividing 
each pixel in the cell by the average pixel value of reference area, as described above in the 
Experimental section. The reference area was selected to be in a location where cell features 
were absent but adjacent to the cell. The “empty” reference regions in the image lacked cell 
features, but exhibited a thin film of poly-L-lysine, which was coated prior to cell transfer to 
improve the biocompatibility of plasmonic crystal and help neuron cells to attach and grow on 
surface of substrate. Because the poly-L-lysine layer was applied to the entire plasmonic crystal 
area, the contributions of this layer on reflection contrast can be neglected when normalizing the 
reflection contrast. Figure 4.13c and Figure 4.13d show the resultant thickness-transformed cell 
images using the 500-500 nm bandpass filter and 570-600 nm bandpass filter, respectively.  
In the thickness-transformed cell images, the thickness of live Aplysia pedal neurons were 
restricted between 0 and 80 nm due to the limitation of sensing volume of SPR-based imaging 
technique. Pixels with values outside of the range of reflection contrast corresponding to cell 
thicknesses from 0 to 80 nm were truncated and assigned to minimum and maximum contrast 
values. The cell body of Aplysia pedal neurons is impossible to analyze with this technique as the 
148 
 
features are far thicker than the plasmonic sensing volume. The contrast of thicker features than 
the 80 nm of sensing volume is the result of convolution of various optical phenomena such as 
light absorption, reflection, and scattering by cellular structure, and interference effects as well as 
SPR. These multiple optical effects cause the  thicker neuron body to appear dark on both images 
of Figure 4.13a and Figure 4.13b obtained using different bandpass filters, while thinner 
outgrowths and growth cones show contrast inversion depending on wavelength ranges used to 
collect each image. From the thickness-transformed images from both wavelength regions 
(Figure 4.13c and Figure 4.13d), the thickness of thin features of live Aplysia pedal neurons are 
roughly identified; the thickness of thin regions near the cell body are ~10-20 nm and that of 
string-like filaments are ~60 nm or more.  
The self-consistency of estimated thicknesses calculated using different bandpass filters (Figure 
4.13c and Figure 4.13d) proves the reliability of this thickness evaluating protocol. Figure 4.13e 
and Figure 4.13f show almost identical thickness profiles along the white arrows on the cell 
images of Figure 4.13c (using 500-550 nm bandpass filter) and Figure 4.13d (using 570-600 nm 
bandpass filter). The thickness values of the filament features located along the white arrows are 
in good agreement; thickness of ~70 nm, ~60 nm, and ~30 nm at X ~8 μm, ~16 μm, and ~20 μm, 
respectively. The correspondence on thickness data becomes poorer in the very small features; 
for example, the small feature at X ~ 13 μm is observed in 500-550 nm image (Figure 4.13c), but 
not in the 570-600 nm image (Figure 4.13d). The discrepancies of those two images are 
estimated to be originated from the relatively coarse linear regressions and reference contrast 
calculation. An underestimation or overestimation of calculated reflection contrast of thin 
features can arise from these two influences. As demonstrated from previous work[40], 
combination of multispectral reflection images can increase the sensitivity for small features and 
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contrast of image. In addition, more complex fitting for reflection contrast changes as a function 
of thickness may help to improve this imaging technique for quantitative analysis.  
Atomic force microscopy (AFM) was also adopted to evaluate the reliability of this SPR-based 
analysis method for quantifying thickness of small features in the neuron cells. AFM is a 
powerful tool to directly map the topography of a surface, while its inevitable physical contact 
between AFM tip and the surface makes it inappropriate for measuring live cells due to viability 
issues. In our trials, it was very difficult to measure the heights of specific parts of live Aplysia 
pedal neuron without damaging the cell. Due to this issue, neuron cells were fixed onto the 
plasmonic crystals for AFM scanning after imaging experiments. The height of features in fixed 
cell should be reduced compared to that in live cell due to the dehydration. We estimated the 
height of live neuron cell from AFM height data of fixed neuron based on the fact that about 70% 
of the cell volume is composed of water. If the height shrinkage was assumed as a result of water 
removal only, the effect of fixation should be a 33% decrease in thickness of cell height. 
Although there is a loss in resolution, the periodic modulation in the AFM images stem from the 
underlying plasmonic crystal was filtered out using a Fast Fourier Transform (FFT) of the image 
to clearly show height of cell without effects of the substrate, in agreement with our previously 
reported results.[40]   
The FFT filtered AFM image of the fixed neuron cell obtained by scanning the region around the 
white arrow in reflection images of identical live Aplysia pedal neuron (shown in Figure 4.13) is 
presented in Figure 4.15a. The height profile of the fixed cell along the white arrow in AFM 
image (Figure 4.15a) was converted to the estimated thickness of live cell using shrinkage 
assumption. Those two height profile data are shown in Figure 4.15b. The height profile of the 
estimated live cell (presented in Figure 4.15b) reveals good agreement with height profiles 
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calculated from the reflection images using different bandpass filters (presented in Figure 4.13e 
and Figure 4.13f). Height data of three string-like filaments are almost identical in the reflection 
and AFM images. Although there are good agreements in height of cell features, the spatial sizes 
of the three filaments in the AFM image are larger than in the reflection images. This different 
may result from relatively low spatial resolution of reflection image (~1 μm) compared to that of 
the AFM image. Despite this slight discrepancy, the AFM results offer independent verification 
of quantitative results obtained from plasmonic reflection imaging.  
4.4.5 Imaging the Effect of Trypsin on the Cell Activity 
The SPR imaging can be used to investigate the interactions between cell and substrate, as the 
evanescent field excited by surface plasmons is highly sensitive to changes close to the interface 
of metal and dielectric (~100-200 nm). Consequently, our plasmonic reflection imaging 
technique is capable of monitoring the influence of chemical stimulations on cell dynamics 
occurring near the surface of plasmonic crystal. Trypsin is a pancreatic serine protease with 
substrate specificity based upon positively charged lysine and arginine side chains. Because of its 
ability for orderly and unambiguous cleavage of protein molecules, trypsin is widely used to 
detach adherent cells from the substrate surfaces.[54-56] Cell detachment, one of the most 
important vital activities to understand cell growth and movement, can be experimentally 
monitored in real time and theoretically understood by comparing reflection images of live 
Aplysia pedal neurons obtained before and after trypsinization.  
Figure 4.16 shows the changes on reflection contrast of live Aplysia pedal neurons due to the 
injection of trypsin into culturing media. The 570-600 nm bandpass filter was used for imaging 
because its steep and linear response in contrast as a function of θ allows for higher quantitative 
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sensitivity. The contrast changes were not easily detected in the original images, but the mass 
coverage transformed image obtained by converting normalized contrast to normalized index 
mass coverage provides a quantitative method of monitoring the contrast change. The 
distinguishable changes on θ in mass coverage transformed images (presented in Figure 4.16) are 
not observed during the ~30 min from the trypsin treatment. This time delay of contrast changes 
on reflection images represents the onset time of trypsin activation. After 30 min from the trypsin 
stimulation, reflection contrast gradually changed. For example, an outgrowth filament readily 
distinguishable in  min image (labeled ‘i’ presented in Figure 4.16a) is not observed in 
images acquired 45 min later from the applying trypsin and color of other outgrowth filaments 
(in square of ‘ii’ and ‘iii’ presented in Figure 4.16a) changes from white-yellow to yellow-red, 
which means that the reflection contrast of cell in 570-600 nm images decreases due to the cell 
detachment.  
After the trypsin is activated, the cells are detached from the substrate and the ASW layer is 
created between the substrate and the cell. The reflection spectra are blue shifted when refractive 
index near the surface of plasmonic crystal decreases. The reflection contrasts are expected to be 
reduced, which result from the inserted ASW layer having smaller refractive index relative to the 
cellular materials. Comparing two mass coverage transformed images of live Aplysia pedal 
neuron taken before trypsin was applied (  min, presented in Figure 4.17a) and after trypsin 
was activated (  min, presented in Figure 4.17b) demonstrates this anticipation of a 
decrease in reflection contrast. Figure 4.17c shows changes in mass coverage profiles along the 
white arrows on cell images due to the trypsinization (Figure 4.17a and Figure 4.17b). The 
smaller θ profile values obtained from  min reflection image intuitively validate the 
0t 
0t 
60t 
60t 
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generation of ASW layer between cell and plasmonic crystal. Therefore, cell detachment can be 
simply monitored from the 2D reflection image using SPR-based optical system in real time.   
Additional FDTD calculations of reflection spectra were performed to quantitatively investigate 
the ASW layer between cell and plasmonic crystal formed during cell detachment. In Figure 
4.17c, the θ of outgrowth filament (indicated with red asterisk) is reduced from ~60 to ~35 as a 
result of trypsinization. Although average cell/substrate distance at peripheral region of the 
growth cone is 10-30 nm, the membrane of other parts of cell is usually separated from the 
substrate by 100-150 nm.[52] By cleaving contact between the cell and the plasmonic crystal 
using trypsin, ~150 nm of ASW layer may be generated between cells and substrate, which is 
supported by calculated reflection spectra using FDTD simulation (present in Figure 4.17d). The 
reflectance of plasmonic crystal having 160 nm of ASW gap between plasmonic crystal and 60 
nm of index corrected material (160 nm ASW gap + 60 θ) behaves similar to that of a plasmonic 
crystal coated with 36 nm of index corrected material (36 θ) in the wavelength range used for 
imaging (570-600 nm). This good agreement between computed reflection spectra and θ changes 
on reflection images demonstrates that cell detachment can be quantified using reflection images 
and FDTD calculation. Therefore, our SPR-based quantitative reflection imaging is promising as 
an analytical technique to explore the cell dynamics occurred at interface between cell and 
substrate.  
 
4.5 Conclusions 
 We demonstrate a plasmonic imaging technique using living pedal ganglion neurons of 
Aplysia californica that is capable of quantitatively scrutinizing the morphology of nanoscaled 
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thin film structure and the dynamics occurring at the surface of a plasmonic crystal under a 
complex biocompatible environment. Thickness-controlled polyelectrolyte film deposited by 
layer-by-layer assembly method was used as reference system to evaluate the reflection contrast 
changes as a function of thickness of thin films on the plasmonic crystal. FDTD computations 
facilitated the comparison of polyelectrolyte film thickness to the index corrected mass coverage 
for the biological specimen, establishing contrast calibration for quantitative analysis on 
thickness of thin outgrowth region of live cell and interaction between cell and substrate. 
Wavelength-dependency of contrast changes on reflection image is experimentally validated 
using bandpass filters which limit the range of collected wavelength for imaging. The thickness 
of live Aplysia pedal neurons was determined by applying contrast calibration to reflection 
images was confirmed using atomic force microscopy. Trypsin-mediated cell detachment from 
the plasmonic crystal was visualized and quantified using label-free plasmonic reflection 
imaging without negatively affecting cell viability. This biocompatible reflection imaging 
technique represents a powerful analytical method for studying the morphologies of ultrathin 
biological structures and dynamic interactions occurring on the surface of plasmonic crystals in 
real time. This plasmonic imaging technique has the potential to be utilized for quantitative 
monitoring and investigation of changes on morphology and chemical/physical activities of live 
cells while maintaining their vital functions.    
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4.8 Figures 
 
 
Figure 4.1 Digital picture of a home-built liquid cell for ellipsometry. 
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Figure 4.2 Schematic illustration of plasmonic reflection imaging system setup with laboratory 
microscope, bandpass filters, CCD camera, and full-3D plasmonic crystal. (Inset) A close-up 
illustration of cross-section of full-3D plasmonic crystal. 
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Figure 4.3 (a) Schematic illustration of cross section of full-3D plasmonic crystal used for 
FDTD modeling. The full-3D plasmonic crystal with the periodicity of hole of 740 nm, hole 
depth (Hdepth) of 280 nm, and diameter of hole (Dhole) of 544 nm are used for all FDTD 
calculation. For simplicity, we assumed that metal films are uniformly distributed on NOA 
nanoholes with a right angle edge; the thickness of the Au layer on top surface of the crystal (Ttop) 
and on the sidewall (Tside) and bottom (Tbottom) of the nanoholes are 44, 16, 16 nm, respectively. 
(b) Experimental transmission spectra (black) and FDTD calculated transmission spectra (red) of 
full-3D plasmonic crystal.   
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Figure 4.4 Schemes of polyelectrolyte film pattering process using permanent maker: (a) 
MHDA monolayer is formed on gold-coated silicon wafer by immersing the substrate in 
ethanolic solution of MHDA (2 mM). (b) Some lines are draw with permanent maker on a 
substrate to be used as mask for polyelectrolyte deposition. (c) Polyelectrolyte assemblies are 
grown on the substrate through layer-by-layer method. (d) Permanent marker mask is removed 
by rinsing with acetone. 
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Figure 4.5 (a) Three ellipsometric spectra of gold-coated silicone piece with MHDA monolayer; 
measured before polyelectrolyte deposition, after 5 layers of PAH/PSS deposition, and followed 
by immersing acetone. Ellipsometric spectra of gold-coated silicon piece immersed in acetone 
for 2 min is obscured by ellipsometric data obtained after 5 layers of PAH/PSS deposition. (b) 
3D AFM image of the step edge of a polyelectrolyte pattern made by the deposition of 18 layers 
of PAH/PSS.   
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Figure 4.6 The thickness values of polyelectrolyte assemblies measured at increasing numbers 
of polyelectrolyte (PEL) layer deposition using AFM and ellipsometer. 
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Figure 4.7 FDTD simulated reflection spectra for pairs of optically equivalent polyelectrolyte 
and index-corrected material for the live cell conformally covering a full-3D plasmonic crystal: 
(a) 12 nm polyelectrolyte and 20 nm index-corrected material; (b) 24 nm polyelectrolyte and 44 
nm index-corrected material; (c) 40 nm polyelectrolyte and 72 nm index-corrected material. 
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Figure 4.8 Corresponding pairs of thicknesses for polyelectrolyte films (n = 1.48) and index 
corrected mass coverage (θ) of live cell (n = 1.42). 
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Figure 4.9 FDTD simulated reflection spectra for different thickness of ASW gap (0, 12, and 24 
nm of ASW gap) between plasmonic crystal and (a) 20 nm of index-corrected material and (b) 
40 nm of index-corrected material.  
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Figure 4.10 (a) Reflection image (using a 500-550 nm bandpass filter) of a polyelectrolyte layer-
by-layer assembly (PEL) and photocured polyurethane film (NOA) on a plasmonic crystal used 
for the reflection contrast calibration. Average pixel intensities were calculated in the regions 
marked with red box (NOA region) and blue box (PEL region), and used to determine the 
reflection contrast calibration. The scale bar corresponds to 100 μm. (b) Step-edge profile of 
normalized reflection contrast (blue circles) along the yellow arrow in Figure 4.10a and fitted red 
curve with a Gaussian width of 0.84 μm. 
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Figure 4.11 Normalized reflection contrast (NRC) as a function of index corrected thickness (θ) 
using different bandpass filters: 500-550 nm (black squares), 570-1000 nm (red circles), 570-600 
nm (blue triangles), and 600-700 nm (pink inverted triangles). The error bars are obscured by the 
data markers themselves as a result of the large number of pixels (more than 30,000) used to 
determine the value.   
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Figure 4.12 (a) FDTD calculated reflection spectra for varying thickness of index corrected 
material on a nanostructured plasmonic crystal. (b) FDTD calculated reflection spectra for 
varying thicknesses of index-corrected material on flat gold film. 
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Figure 4.13 (a, b)  Reflection images of a live Aplysia neuron cultured on a plasmonic crystal 
surface acquired using (a) 500-550 nm bandpass filter and (b) 570-600 nm bandpass filter. The 
scale bar in (a) and (b) corresponds to 100 μm. (c, d) Mass coverage transformed images 
generated by applying normalized reflection contrast calibrations to images of a live Aplysia 
neuron cultured on a plasmonic crystal acquired using (c) 500-550 nm bandpass filter and (d) 
570-600 nm bandpass filter. The z-scale for image is restricted to the plasmonic sensing volume 
(0-80 nm). (e, f) Height profiles (along the white arrow) of the quantitative reflection image 
acquired using (e) 500-550 nm bandpass filter and (f) 570-600 nm bandpass filter.  
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Figure 4.14 Raw reflection image of live Aplysia neuron cells cultured on a plasmonic crystal 
acquired using (a) a 500-550 nm bandpass filter and (b) a 570-600 nm bandpass filter. The scale 
bar corresponds to 100 μm.  The regions in the red boxes are magnified and present in Figure 
4.13.  
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Figure 4.15 (a) AFM image of a fixed Aplysia neuron after FFT filtering to remove plasmonic 
nanostructure contribution. Imaged neuron cell is identical with one presented in Figure 4.13. (b) 
AFM height profile (fixed cell) along the white arrow drawn on Figure 4.15a and estimated 
thickness of live cell by consideration of volume changes resulting from water removal. 
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Figure 4.16 Mass coverage transformed images of the live Aplysia neuron cell acquired for time-
lapse analysis of cell detachment induced by trypsinization. The scale bars correspond to 100 μm.   
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Figure 4.17 Mass coverage transformed images of a live Aplysia neuron cell acquired (a) before 
and (b) 60 min after the injection of trypsin. The scale bar corresponds to 100 μm. (c) Line 
profiles of index corrected mass coverage along the white arrows in Figure 4.17a (black line) and 
Figure 4.17b (red line). (d) Three reflection spectra of plasmonic crystals covered with 36 of 
index corrected mass coverage, 60 of index corrected mass coverage, and 160 nm ASW gap 
between plasmonic crystal and 60 of index corrected mass coverage.  
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CHAPTER 5 
FUTURE RESEARCH DIRECTIONS FOR QUANTITATIVE IMAGING 
APPLICATIONS USING NANOSTRUCTURED PLASMONIC CRYSTALS 
 
5.1 Sensitivity Improvement of Quantitative Plasmonic Imaging Technique for Live 
Cell 
As described in Chapter 3, the contrast of plasmonic reflection images could be enhanced 
by combining images in a multispectral form, which makes the imaging technique more sensible 
for small features.[1] In addition to the resultant imaging processing, improving the sensitivity of 
the plasmonic crystal itself can be another efficient approach to obtain a more accurate 
quantitative result. The plasmonic features generated on a plasmonic crystal are completely 
influenced by any slight variation of nanostructure such as size, shape, composition, and 
distribution.[2-5] This flexibility provides versatile application potentials of plasmonic crystals 
through application-specific performance optimization. To find the optimal design rules of a 
plasmonic crystal for different applications, FDTD computation is a powerful tool because 
optical behavior of a plasmonic crystal can be theoretically predicted without intensive physical 
experiments.[6] Thus, the performance of quantitative reflection image can be improved easily 
by engineering nanostructures on plasmonic crystals. For example, we demonstrated that the 
nanohole array with 580 nm of periodicity and 300 nm of diameter behaves more sensitively in 
the visual light range compared to one with 740 nm of periodicity and 440 nm of diameter 
(described in Chapter 2). It is therefore theoretically predictable that a plasmonic crystal with 
smaller periodicity responds more sensitively to thin film thickness changes than with larger 
periodicity.  
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5.2 Quantitative Imaging Technique Using Functionalized Plasmonic Crystals  
The cell imaging technique described in this dissertation was employed to measure the 
thickness of a cell or distance between a cell and a substrate. This SPR-based technique, however, 
can be further implemented for detecting and quantifying specific chemical/biological molecules 
by functionalizing the surface of plasmonic crystals.  
Cells produce signals by protein secretion to communicate to other cells in the vicinity. 
The ability to map the spatiotemporal nature of individual cell secretions is thus fundamental to 
understanding a cell’s vital functions including cell migration and proliferation.[7, 8] In our 
earlier works, plasmonic crystals were employed as a platform of the quantitative sensor for 
detecting IgG antibody/antigen pair.[9] This previous result demonstrated that antigen 
functionalized plasmonic crystals could be utilized as an imaging system for quantitative 
determination of antibody concentrations in the vicinity of a cell, as well as for estimation of the 
antibody diffusion constant in the extracellular media.[10] 
Hydrogels undergo swelling or deswelling in response to pH changes or stimulations with 
specific biomolecules such as glucose or protein.[11] A plasmonic crystal functionalized with a 
pH sensitive hydrogel was previously validated as a highly sensitive pH sensor capable of 
detecting even 0.1 pH unit changes.[12, 13] Neuronal activity shifts extracellular or intracellular 
pH to modulate neuronal metabolism.[14, 15] These pH changes within a cell’s 
microenvironment lead to changes in the volume of the pH-sensitive hydrogel, which can be 
measured by optical response changes of plasmonic crystals. Therefore, functionalized 
plasmonic crystals are remarkably promising as a platform for monitoring cell dynamics in real-
time.  
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5.3 Characterizing Thickness and Refractive Index Using Two-Wavelength Analysis 
 In this dissertation, we suggest a SPR-based optical imaging technique that is capable of 
quantifying the thickness of transparent thin films with well-known refractive index.  Although 
this method is powerful to determine the thickness of an ultrathin film in the range of less than 
100 nm, it is insufficient to analyze quantitatively thicknesses without prior knowledge of the 
thin film.[1] Other techniques commonly used for thin film characterization such as ellipsometry, 
quartz crystal microbalance (QCM), and atomic force microscopy (AFM) also have limitations 
to simultaneously obtain both thickness and refractive index of a thin film. Ellipsometric 
response is determined by both dielectric constant and thickness of a thin film, which makes it 
difficult to separate the two parameters (thickness and dielectric constant) from the resultant 
data.[16, 17] QCM and AFM are alternative tools to accurately measure the thickness of a thin 
film, but those are not applicable to characterization of optical properties of a thin film.[18, 19]  
 Some previous works reported that multispectral or multi-medium analysis using prism-
based surface plasmon resonance spectroscopy allows simultaneous determination of both 
thickness and refractive index of transparent thin films.[20, 21] Briefly, this technique employs 
multiple plasmonic data obtained from the different conditions (wavelength or medium) to 
calculate thickness versus refractive index (d vs. n) continuum solutions for each condition using 
theoretical modeling. The thickness and refractive index of a thin film corresponds to the 
common solution of these multiple d vs. n continuum solutions. Because the optical behavior of 
plasmonic crystals is wavelength-dependent,[1] the multispectral analysis method can be applied 
to plasmonic reflection imaging system. The wavelength-dependent d vs. n continuum solutions 
for certain reflection contrast can be calibrated using FDTD calculations, which is then applied 
to simultaneously determine the thickness and refractive index of the thin film from the 
178 
 
reflection contrast values acquired using a different wavelength. Although prism-based and 
grating-based SPR systems are founded on the identical underlying physics, plasmonic crystals 
have more interesting potential as a platform for in situ visualizing technique without a 
demanding optical setup.  
  
5.4  Final Remarks 
 The work discussed in this dissertation has demonstrated analytical applications using 
nanostructured plasmonic crystals for chemical/biological sensing and imaging. Because the 
optical behavior of plasmonic crystals is simply tunable by adjusting size, shape, composition 
and distribution of nanostructures, plasmonic crystals can be utilized as a versatile and powerful 
platform for surface-sensitive sensing and field-enhanced applications. In addition, the highly-
uniform nanohole arrays facilitate the construction of a label-free and steadily performed sensing 
tool at low cost. Due to these advantages, plasmonic crystals have an excellent potential for 
numerous analytical applications 
 In this chapter, some future research ideas are proposed in an attempt to extend the range 
of applications or to enhance the performance of the interesting findings discussed in this entire 
dissertation. Studies based on these research directions using plasmonic crystals also can serve as 
a foundation for further inventions of chemical sensing and imaging techniques. Due to their 
sensitivity, application-flexibility, and cost efficiency, analytical applications using plasmonic 
crystals are anticipated to be widely used in real-life, beyond limited laboratory use.  
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